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Abstract
This study was conducted to track ligand exchange on the surface of metallic
nanoparticles in order obtain a better understanding of binding strength of various
functional groups. This study develops groundwork for further understanding ligand
exchange as nanoparticles transition from engineered to natural systems. A problem
exists in knowing the fate of these particles if they are released into natural systems, by
accident or with intent. To gain a better understanding of what may occur we look at the
binding strength of different ligands. This is done to gain knowledge of the possibility of
displacement of ligands occurring in the environment. In order to monitor the binding
strength of different ligands a new characterization technique utilizing the phenomena of
Fluorescent Resonance Energy Transfer (FRET) is employed. This technique utilizes the
quenching properties of gold nanoparticles and fluorescent-labeled ligands to monitor
competitive binding between two ligands. The use of fluorescence allows for a sensitive
measurement (on the nanomole scale) of ligand exchange on the surface of gold
nanoparticles.

This study was conducted in three different parts. The first one was conducted to
monitor the competitive binding between bound ligands and incoming mono-functional
ligands. This was accomplished by tagging five different functional ligands with a
fluorescein-dye. As the fluorescein-terminated ligands exchange on the surface of gold
nanoparticles a change in fluorescence intensity is observed. The second study was
conducted in the same manner as the first, however this study monitored the effect of bi-
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functional ligands verse mono-functional ligands as well to monitor concentration effects.
The third study conducted was done using a two-dye system. In these studies both the
incoming and bound ligand were tagged with a fluorescent-dye. This was done to monitor
direct exchange of ligands.
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Chapter 1 Introduction
The objective of this study is to track ligand exchange on the surface of metallic
nanoparticles to obtain a better understanding of binding strength of functional groups.
This study will lay groundwork for further understanding ligand exchange as
nanoparticles transition from engineered to natural systems. Nanoparticles have gained
increasing interest in the field of material science due to their size dependent properties
that are not observed in bulk material [1-16]. Metallic nanoparticles are used in a wide
array of consumer products such as paints, cleaning supplies, and clothing[1, 2]. As well
nanoparticles are being used in sensing[3-5], imaging[5-7], electrochemistry[8, 9],
electronics[10], nanomedicine[11-14], and energy applications[15, 16]. The problem
remains that it is not well know what will be the fate of these particles if they are released
into natural systems, by accident or with intent. To gain a better understanding of what
may occur we look at the binding strength of different ligands. This is done to gain
knowledge towards if displacement of ligands could occur in the environment. In order to
monitor the binding strength of different ligands a new characterization technique
utilizing the phenomena of Fluorescent Resonance Energy Transfer (FRET) is used. The
use of fluorescence will allow for a sensitive measurement of ligand exchange on the
surface of gold nanoparticles. In this chapter a foundation of knowledge present in the
literature will be discussed. This discussion will begin with gold nanoparticles and the
effect of ligands on size, shape, polydispersity, stability and reactivity of these particles,
as well as ligand exchange on the surface. The basics of photoluminescence and the
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phenomena of FRET will also be discussed. Finally, current work in this area will be
discussed.

1.1

Gold Nanoparticles

As stated above the use of nanoparticles in industry and research has grown rapidly
over the past few years due to their unique properties. Particularly gold nanoparticles
have gained a lot of attention for their optical, electrical, and chemical properties[17-23].
Gold nanoparticles are nontoxic, which makes them suitable candidates for use in
biological systems[6, 7, 11, 24]. Gold nanoparticles are being researched for uses as
cancer therapy, drug delivery, biosensing, and catalyst[19-23,27-30]. A common problem
with nanoparticles is their tendency to aggregate due to van der Waals forces. As shown
by Kamiya et. al[25], in their work using the DLVO theory to model potential as a
function of particles size, aggregation of small particles is due to a decrease in the
potential barrier created by the electric double layer, as shown in Figure 1-1. To
effectively use nanoparticles, aggregation needs to be prevented. To accomplish this,
nanoparticles are synthesized with a protective layer of ligands. Ligands attach to the
surface of nanoparticles to provide stability in the form of steric or electrostatic
repulsion[26, 27]. Schematics of steric and electrostatic repulsion can be seen in Figure
1-2. Steric repulsion is achieved by coating a particle in a polymer brush, which does not
allow for the particle to be in the range of attractive forces. Where as, electrostatic
repulsion uses the repulsion force of like electrical charges. Ligands are also used to
modify the properties of particles such as size, shape, compatibility and reactivity[5, 6,
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21, 28-33]. For example, Frens et. al.[30, 31] determined that nanoparticles size could be
tuned by synthesizing gold nanoparticles with varying amounts of citrate as a capping
ligand. The ratio of citrate to gold in the system would produce different size particles.
Following synthesis, ligand exchange can be performed to produce particles of a specific
size with a specific functional ligand. Ligand exchange is a vital part of synthesizing gold
nanoparticles since direct synthesis with functional ligands is not always possible. Below
further detail about gold nanoparticles including types of ligands, surface modification,
size effects, and plasmonic effects will be discussed.

Figure 1-1 Schematic diagram of DLVO theory. Represents free energy as a function of particle
separation.[34]
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a

b

Figure 1-2 Schematic diagram of (a) Electrostatic repulsion due to charges on the particles surface
(b) Steric repulsion caused by polymer brush[35]

1.1.1

Synthesis and Surface Modification

There are several ways to synthesize gold nanoparticles to produce various sizes
of particles as will be discussed in this section. Such methods include those developed by
Turkevich[36, 37], Brust-Schiffin[10], and Frens[30, 31]. Generally, gold nanoparticles
are produced by reduction of gold(III) derivatives, the most common being introduced by
Turkevitch using citrate to reduce HAuCl4 in water. This method would yield particles
sizes of around 20 nm[29, 32, 36-38]. Later, Frens proposed that particles of specific size
could be synthesized by varying the ratio of reducing and stabilizing agents. In these
synthesis sodium borohydride was used as a reducing agent and citrate as a capping
agent[30, 31]. Burst and colleagues developed the Burst-Schiffrin method, which utilizes
Faraday’s two-phase system to produce thiol-stabilized particles. The soft character of
both gold and sulfur provides a strong covalent bond between gold nanoparticles and
thiol ligands. In this system HAuCl4 is transferred from an aqueous solution to toluene
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with the use of a phase transfer reagent. Reduction is then performed with aqueous
sodium borohydride in the presence of thiol stabilized ligands[10, 39]. The Burst method
is widely used for the production of AuNPs stabilized by numerous thiol-functionalized
ligands. Murray et al. released extensive work showing the use of “place exchange” of
thiol-functionalized ligands to modify the surface of gold nanoparticles. They examined
effects of ligand exchange such as concentration and chain length of ligands, along with
mechanisms associated with ligand exchange[40]. These studies concluded a “SN-2” type
mechanism for ligand exchange. Meaning that ligand exchange dependent upon the
incoming ligand.

As mentioned above the main purpose of ligands is to inhibit the agglomeration of
particles. This can accomplished by either steric or electrostatic repulsion of particles[26,
27, 40, 41]. There are two ways to synthesize nanoparticles with functional ligands. The
first method is direct synthesis of gold nanoparticles in the presence of a ligand. This is
done by reduction of the gold salt in the presence of the ligand or by reducing the gold
salt and then introducing the ligand to the system. The second way is by ligand exchange,
where particles are synthesized with weakly bound capping agents and then ligand
exchange is performed to obtain desired functional AuNPs. However, a common problem
when synthesizing gold particles is controlling the size and monodispersity of the
particles. Typically direct synthesis of ligands on nanoparticles results in wide size
distributions or unstable particles. For this reason gold nanoparticles are commonly
synthesized with alkane thiols or citrate ligands, either by the Brust method or as
described by Frens. This allows for size tunable particles with relatively small size
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distributions. Consequently, the problem with the synthesis of AuNPs in this manner is
restriction of medium that the particles remain stable in and the lack of functionality of
the ligands. For example, citrate is charge-stabilized particles and will quickly
agglomerate if introduced to a hydrophobic system[33]. As well citrate is not a very
strong binding ligand and can be easily displaced from the surface of gold[42-45]. To
alter the stability and other properties of gold nanoparticles, the use of different
functionalized ligands is ideal. For example bi-functional ligands can be used to obtain a
ligand with both a strong headgroup as well as allows for stability in both aqueous and
organic solutions. An example of this would be a PEG-Thiol ligand. The sulfur group
will bind strongly to gold while the PEG group provides stability and dispersion in
aqueous solutions. For this the use of ligand exchange can be employed. Ligands can be
used for targeting agents[46], biocompatibility[47] and drug delivery [13, 46], being able
modify particles with different ligands become viable for the functionality of
nanoparticles.

1.1.2

Ligand Exchange

Ligand exchange can be simply defined as mixing nanoparticles with free ligands
will result in the replacement of ligands on the surface of the nanoparticles with those
introduced to the system[48]. Ligand exchange was studied in detail by Murray et al and
since their work many studies have been done to try to fully understand ligand exchange
on gold nanoparticles. Murray et al. described the exchange kinetics on the surface of
gold nanoparticles as a “SN-2” type associated mechanism. Schematic representation of a
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“SN-2” like exchange can be seen in Figure 1-3. Where initially bound R1 ligands are
replaced with incoming R2 ligands.

Figure 1-3 Schematic of SN-2 exchange mechanism[48]

However, further studies suggest that ligand exchange is extremely variable and
dependent on nanoparticle size, thermal history, age and binding sites, as well as the
ligand chain length, bonding strength and concentration. For this reason it is particularly
difficult to provide comparison from one experiment to another as nanoparticles systems,
ligands, and experiments all differ. However results have suggested that ligand exchange
can then be thought of as associative (SN2), dissociative (SN1) and a combination of the
two (SN2/SN1). In associative the ligand exchange is driven by the introduced free ligand
while in dissociative the exchange is controlled by the detachment of ligands already
bound to they nanoparticles. Of course a combination would be a ratio between the two.
The exchange of thiol-protected particles with thiol ligands has been studied by several
researchers, all-resulting in similar conclusions. The exchange follows a three-step
process, which can be seen in the diagram in Figure 1-4. Initially, rapid ligand exchange
is observed, followed by a slower exchange step and concluding with a rearrangement of
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ligands on the surface of gold. Caragheorgheopol and Chechik conducted a series of
experiments where reaction conditions were strictly controlled and reported similar treads
for each experiment. From this they suggest that the kinetics of thiol exchange with thiolprotected AuNPs is highly dependent on the binding sites of AuNPs[49]. Gold
nanoparticles have a diverse surface consisting of three binding sites vertexes, edges and
terraces. These binding sites can have different electron densities and steric accessibilities
that will lead to different exchange kinetics[49-54]. Vertex and edges are referred to as
“defect sites” and lie on the step edges and grain boundaries of the AuNP surface. These
sites have a higher reactivity toward ligand exchange than terrace sites. It is assumed that
the initial rapid exchange of ligands is due to exchanges at these vertex and edge defect
sites. The slower second step can be attributed to exchange at terrace sites. The effect of
binding sites accounts for differences in results between research groups. As well it
allows for explanation of size effects of gold nanoparticles on the exchange of ligands
being that the rate of ligand exchange is dependent on the ratio of defect sites to nondefect sites.
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Figure 1-4 Plot showing three step process of ligand exchange. An initial rapid exchange, followed by
a slower exchange, and finally relaxation from highly reactive binding sites[51].

Another major factor of ligand exchange is the ligand being used. For example,
studies have shown that disulfides exchange at a much slower rate then thiol ligands[48].
That is consistent with a study performed by Graf et. al. in which the exchange of
monovalent, divalent and trivalent ligands were explored. This study showed that the
exchange rate decreased in order of increasing valance[51]. Similar results were
concluded by Jutzi et. al. [52] Other studies have shown that the chain length of ligands
affect the ligand exchange as well. These studies show that a longer chain ligand is
dissociated much slower than smaller chain ligands on the surface of gold[22, 40, 48, 52,
54, 55] As well the rate of ligand exchange increases with decreasing length and
bulkiness of incoming ligands[22, 56].
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As mentioned previously the size of the particles can have an effect on the
exchange of ligands. Along with size it has also been shown that the age and thermal
history of particles can alter the reactivity of the gold nanoparticles. This leads to further
confirmation as to why it is difficult to compare results from different research group, as
well as from experiment to experiment. Studies by Chechik show that the reactivity of
freshly prepared solution can react up to ten times faster than solutions that have aged for
a week[48, 54, 57].

Some studies have investigated the binding of different ligands on the surface of
gold but mostly these involve thiols or phosphines as headgroups. Such studies were
conducted by Hutchison et. al. where they observed full displacement of phosphine
ligands by thiol-functionalized ligands[22]. Heath et. al. published a study where gold
nanocrystals were functionalized with primary amines. Amines were chosen because they
form weak covalent bonds with gold much weaker than that of sulfate[20, 58, 59]. They
state that the Au/N interaction is much weaker than the Au/S interaction, as well that
alcohols exhibit no interaction with gold surfaces[58]. Many studies show that sulfate
bonds very strongly to the surface of gold through covalent bonding, and thus thiols are
typically used to stabilize nanoparticles[10, 17, 18, 20, 22, 23, 25, 29, 30, 32, 33, 36-38,
40, 46, 48-53, 55-69]. Other interactions with gold surface include a interaction with
negatively charged carboxylate groups[59].
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1.1.3

Gold Plasmonic Properties

As mentioned above and most important to this study is the unique optical
properties of gold nanoparticles. These properties come from a strong surface plasmon
resonance (SPR) band[49, 70-72]. The SPR band is related to the absorption on the
surface of the gold nanoparticles, and is affected by the bonding on the surface of
particles[49, 70, 71]. The SPR band can be used to determine the binding of different
ligands on the surface of gold nanoparticles. This is accomplished because the SPR is
effected by the electron density on the surface of the particles, the attachment of ligands
would result in a shift in the electron drawing and thus a shift in the SPR. Strouse et. al.
used UV-Vis to monitor the binding geometry of sulfate, phosphate, and carbonate[49].
UV-Vis is commonly used as an analytical method to determine ligand attachment to the
surface of gold[33, 70, 71, 73-76], for instance a study done by Dékány et. al. compared
absorption peaks as a function of citrate concentration in a colloidal system. As well they
used the shift in the absorption to confirm the replacement of citrate by cysteine[38]. The
problem with UV-Vis is that it is not an accurate quantitative method for measure ligand
exchange on the surface of gold. However, the use of the SPR and the strong absorbance
of gold around 520nm can be coupled with fluorescence to provide an accurate method of
measuring ligand exchange. Before going into further detail, photoluminescence and
fluorescence must be introduced.
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1.2

Photoluminescence

Most simply photoluminescence can be defined as the ability of a material to
absorb energy in the form of photons and then reemit this energy by releasing
photons[77, 78]. This phenomena occurs when electrons absorb energy, generally in the
form of a photon, and are excited to a higher energy state, the electron will then return to
its original energy state by releasing a photon [77, 78]. Electronic states can be described
as singlet or triplet states. In singlet states all electron spins are paired in a molecule. In a
triplet state one set of electron spin is unpaired. The process described below will refer
only to the case of singlet states. This process is generally displayed in a Jablonski
diagram as schematically displayed in Figure 1-5. In this diagram the singlet energy
states are shown as S0, S1, and S2 where S0 represents the ground state and S1 and S2
represent the first and second singlet energy levels respectively. The energy of a photon
can be defined as E= hv/λ. The energy required to excite a molecule to a higher energy
state is equal to the difference between the ground state S0 and the higher energy state (S1
or S2). Photoluminescence can be described in two forms fluorescence and
phosphorescence. These terms are defined by the period of residence of the electron at
the higher energy state. If this time is short, generally less than one second, then the
phenomena is referred to as fluorescence. If this time is longer then it is referred to as
phosphorescence [77, 78]. This document will focus on fluorescence.
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Figure 1-5 Jablonski Diagram.

1.2.1

Fluorescence

As mentioned fluorescence occurs when a photon is absorbed exciting a molecule
to a excited singlet state, relaxation then occurs from higher vibrational levels to its
lowest vibrational level of that state, then emission of a photon returning the molecule to
ground state. It should be mentioned that the wavelength at which the photon is emitted is
higher than the wavelength that it was absorbed at, this is referred to as the Stokes Shift,
as is caused by the change in the photons energy. This is an example of radiative
relaxation of the molecule however, a molecule can return to ground state in several
different ways. As just described relaxation can occur as radiative, where emission of
light occurs or alternatively as non-radiative, where molecules can return to ground state
without the emission of a photon. In non-radiative relaxation energy can be released as
heat dissipated to the surrounding system, fluorescent quenching, or resonance energy
transfer. The dissipation of energy in the form of heat is referred to as internal conversion
and considered to be a very small part of the excited energy. Fluorescence quenching is
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defined as any process that results in decreasing the fluorescence intensity of a molecule.
Quenching can occur in two ways ether as a static or a dynamic interaction. Dynamic
interactions require contact between the fluorophore and the quencher while static
quenching is a quenching of state. Quenching of fluorescence is described by the SternVolmer relationship, in which the rate of quenching is a function of the lifetime of the
fluorescent molecule and the concentration of the quenching molecule[79]. A phenomena
observed from a non-radiative process is Förester Resonance Energy Transfer. As will be
discussed below, this phenomenon will allow for accurate monitoring of ligand
absorption or desorption on the surface of gold nanoparticles.

In order to monitor interactions of different surface ligands and the kinetics of
ligand exchange we utilized Förester Resonance Energy Transfer, commonly referred to
as Fluorescent Resonance Energy Transfer (FRET)[80]. The phenomena was first
described by Förester in 1959[81] and consists of a non-radiative long-range dipoledipole interaction of a pair of chromophores in the range of 1-6nm[82, 83]. Förster
resonance energy transfer or resonance energy transfer can be described as a mechanism
in which a chromophore in a electronic exited state can transfer energy to another
chromophore through dipole-dipole coupling[51, 84] also known as J-coupling. The
chromophore in the excited state is referred to as the donor and the chromophore
receiving the energy is referred to as the acceptor. When this is used to describe
fluorescent molecules it is referred to Fluorescence Resonance Energy Transfer and
describes the non-radiative dynamic quenching mechanism. This process occurs when the
emission spectrum of a donor overlaps the absorption spectrum of the acceptor[85].
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Schematic representation of donor acceptor spectrum is displayed in Figure 1-6 The
acceptor can ether use the energy transferred to emit light if it is fluorescent or it can
quench the fluorescence. The extent of this transfer is dependent on the distance between
the acceptor and donor as well as the spectral overlap of the two, with maximum transfer
occurring when the absorption spectrum of the acceptor overlaps the emissions spectrum
of the donor exactly. The rate of energy transfer is displayed in Equation 1-1.

!! =   

!
!!

  ×  

!! !

Equation 1-1 Forster Energy transfer

!

where τD is the lifetime of the donor in the absence of energy transfer, R is the distance
between the donor and the acceptor and R0 is the distance at which the transfer is 50%
efficient.

Figure 1-6 Spectral overlap of donor molecule (dye) emissions and the acceptor molecule (quencher)
absorption[86]
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1.2.2

Using Fluorescence Energy Transfer (FRET)

The absorption of gold nanoparticles allows for the use of these particles as a
quencher[28, 46, 51, 56, 71, 82, 84, 87-100], and the phenomena of FRET has been
employed in a number of studies. Several studies have used the quenching of dye
molecules by gold nanoparticles to monitor the effects of DNA adsorption onto citratecapped gold nanoparticles[93, 98]. Other studies have utilized FRET to examine protein
binding[71], bio-sensing and imaging[87, 91], cancer cell imaging[94], as well as effects
of polymerase chain reactions[28], and detection of polynucleotides[96]. All of these
studies show the use of FRET in unique ways however focus is given to those studies that
utilize FRET to track and compare ligand exchange. A study by Rotello et. al. utilized
FRET to study the stability of different ligands on water-soluble gold nanoparticles. One
goal of the study was to see how thiol-functionalized ligands, that are commonly found in
the human body, would exchange with those on the surface of AuNPs. As ligand
exchange occurred an increase in fluorescence intensity was observed[97]. The use of
fluorescence to track ligand exchange was first introduced by Montalti, who used FRET
to monitor the release of pyrene from gold by decanethiol. This study was performed to
try to gain a better understanding of ligand exchange kinetics on gold nanoparticles. In
this study they added different concentrations of decanethiol to four identical solutions of
pyrene-capped gold nanoparticles. Their observations showed a full recovery of all
fluorescence in each of the systems, recovery occurring at different rates. Upon further
analysis of the data they were able to compute two k constants which suggested a two
kinetic process, which differs from that reported by Murray et. al. Their findings suggest
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that incoming thiols can weaken more than one bond and ligand exchange does not act as
“SN-2” like[56].
A paper by Graf et. al.[51] utilized FRET to study the kinetics of binding of
multivalent ligands on different sized nanoparticles. They examined the differences
between a monovalent thiol, divalent thiol, and trivalent thiol as competitive ligands on
the surface of gold. This was done by using 4-pyrenebutyl-11-mercaptoundecanoate as a
dye ligand, attached to the surface of AuNP, then adding in mono- or multivalent ligands
and monitoring the exchange over time. As the dye ligand was replaced on the surface of
gold an increase in the fluorescence intensity was observed. These experiments were
done with a gross excess of competitive thiol (approximately 385 times) to drive the
exchange mechanism and insure no reverse reaction would occur. The results showed an
initial rapid increase in fluorescent intensity upon addition of mono- or multivalent thiol
ligands, followed by a flattening of intensity. Full recovery of fluorescence intensity was
seen after 16 hours and no changes in intensity were monitored after 30 hours. Results,
took into account only the fast exchange since the slower step was similar for all ligands.
The results showed that the di- and tri-valent ligands reacted over twice as fast as the
monovalent ligand. Their study also looked into the size effect on the exchange of
ligands. In the case of the mono- and divalent ligands the reactivity increased as size of
particles increase. This could be due to an increase in binding sites available on the
surface of the gold nanoparticles.
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The previous discussed studies show that FRET can be used to monitor and
quantify the exchange of ligands on the surface of gold nanoparticles. As these serve as
great influence for this study, there are several differences that will be explored in this
paper. As all of these studies only look into the exchange of thiols on the surface of gold,
the current paper will look into the binding of different functionalized dye ligands and the
ligand exchange between them. This study will provide a first look at a binding hierarchy
of functional groups as well as the mechanisms for ligand exchange on gold
nanoparticles.
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Chapter 2 Competitive Binding of Mono-Functional Ligand
2.1

2.1.1

Theory

FRET

As discussed previously, a need for a technique to accurately track ligand
exchange on the surface of nanoparticles was required. To accomplish this we utilized the
phenomena of Förster Resonance Energy Transfer (FRET), when describing fluorescent
molecules this is commonly referred to as Fluorescence Resonance Energy Transfer. As
displayed in Figure 2-1, FRET can be utilized in two ways, one is for a donor fluorophore
to enhance the emissions of an acceptor fluorophore and the second is for the acceptor to
quench the emissions of the donor fluorophore by absorbing the energy into the surface
of a metal, in this study we called upon the latter.

Figure 2-1 Schematic of Fluorescence Resonance Energy Transfer (FRET)[101]

We used gold nanoparticles as the acceptor, as discussed in the previous chapter,
gold is well known to quench fluorescence of dye molecules. As well gold was easy to
synthesize and when coated with citrate, readily reacts with competing ligands. As will
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be discussed below in the synthesis section, the gold nanoparticles are originally coated
with citrate. It is well known that citrate is a weak binding ligand and is easily displaced
so it is expected that the citrate will not have a major effect on the competitive binding
and ligand exchange[42-45]. In this study the fluorescent molecule or donor fluorophore
being used is Fluorescein. Fluorescein was chosen for two reasons, first because its
emission spectrum overlaps that of the gold absorbance spectrum, which is vital for
FRET. The second is because when fluorescein is functionalized with an NHS molecule
it can be easily reacted with amines. We could thus use this NHS chemistry to create
fluorescein-terminated ligands.

2.1.2

Ligands

A main focus of this study was to determine if FRET could be used as a
characterization technique for tracking ligand exchange. With that in mind basic ligands
were chosen for these experiments. Five functional groups were used (thiol, amine,
carboxylic acid, alcohol, and sulfate) with the goal in mind that a hierarchy of binding
ligand could be created at the end of the study. These ligands were chosen to provide an
array of functional groups in order to obtain an elementary understanding of binding on
gold that could later be applied to more complex systems. All of these ligands could be
purchased with an amine functional end that was reacted with the fluorescein-NHS to
produce our fluorescein-terminated ligands. They were also procured as mono-functional
ligands, to ensure that the amine-functionalized end was not a factor during comparison
of binding strength of the ligands.
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2.1.3

Application

Two methods were used to compare the binding strength of the binding groups
studied. Briefly, method 1 was the titration of gold nanoparticles into a system of
fluorescein-terminated ligands and track binding with increasing gold particles. This was
done to determine if there was a difference in binding rate of the ligands as well as to
verify the theory being used for this study. The other method for comparison was a series
of titrations in which gold particles were nearly saturated with fluorescent molecules and
mono-functional ligands were introduced to the system. This was done to assess
competitive binding between all ligands and create a hierarchy of ligands on the surface
of gold. This study looks into the effect of concentration and binding ligand on the kinetic
rate of exchange of ligands.

2.2

2.2.1

Experimental

Materials

The materials used were: Dimethyl sulfoxide 99+% from Alfa Aesar, 20x Borate
Buffer 1x=50mM from Thermo Scientific, Magnesium Sulfate anhydrous powder from
Allinckrodt Chemicals, Tetrahydrofuran ACS Grade, Stabilized with BHT from BDH,
Cysteamine 98% from Sigma Life Sciences, β-alanine 99% from Fluka Analytical,
Ethanolamine 99.5% from Sigma Aldrich, Ethylenediamine 99% from Sigma Aldrich,
NHS-Fluorescein from Thermo Scientific, Taurine 99% from Sigma Life, Sodium citrate
dehydrate 99% from Sigma Aldrich, Sodium borohydride 99% from Fluka Analytical,
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Gold (III) Chloride Trihydrate 99.9% from Sigma Chemistry Ethylamine 68% in H2O
from Sigma Aldrich, Ethanethiol 97% from Sigma Aldrich, Ethanesulfonic acid 95%
from Sigma Aldrich, Ethanol anhydrous from Sigma Aldrich and Propionic acid 99%
from ACROS. All materials were used without any further purification.

2.2.2

Synthesis Gold Nanoparticles

Gold particles of sizes 5-10 nm were targeted for these experiments, to ensure
uniformity in the study a bulk batch of uniform size particles was used. Citrate is
commonly used as a reducing and capping agent in the synthesis of gold
nanoparticles[32, 45, 70, 93, 98] however, since citrate is a weak reducing agent the
particles created in this manner are in the 12-20 nm range, which is larger then desired
for this study. A popular method for creating smaller particles was developed by Frens et
al.[30, 31] This method calls upon borohydride as a strong reducing agent of gold salt in
the presence of capping agent to produce 1-5 nm particles depending on the concentration
of the capping agent. To produce particles closer to 5 nm in diameter, borohydride was
used as the reducing agent in the presence of citrate as the capping agent. Citrate was
utilized as a capping agent because it binds weakly to gold and can be readily displaced
causing no interference with binding of other ligands[42-45].

Briefly, 50 mL of DI water was combined with 0.25 mM (250µL) of the stock
solutions of both sodium citrate and Au salt (HAuCl4), this was stirred in a 100 mL
Erlenmeyer flask via a magnetic stir bar while 0.05 M solution of freshly made sodium
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borohydride was chilled on ice for 5 minutes. It was important to use fresh sodium
borohydride solutions for each reaction. 500 µL of the ice cold, sodium borohydride
solution was then added to aqueous salt solution via micro pipet, instantly the solution
turned pink indicating that the particles were being formed. This was then allowed to stir
for 15 minutes to allow for growth of particles. Particles were then purified by dialysis
against aqueous solution with 12,000-14,000 molecular weight cut off by Spectrum, for
24 hours. In this process sodium borohydride was the reducing agent and the sodium
citrate was used as a stabilizing agent. Reaction was carried out at room temperature
since citrate does not act as a reducing agent at this temperature.

2.2.3

Characterization of Gold Nanoparticles

Studies have shown that difference in aging history can affect the reactivity of the
particle[57]. As well, differences in size and shape can have an influence on binding sites
of AuNPs[51]. To insure an accurate comparison from one experiment to another it was
imperative that the particles where fully analyzed and that the same batch was used.
Transmission electron microscopy imaging, Dynamic Light Scattering (DLS), Zeta
potential, UV-Vis and Mass spectrometry-inductively coupled plasma (MS-ICP) were
conducted on the gold particles.
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2.2.3.1 Transmission	
  Electron	
  Microscopy	
  

Due to the size of the particles transmission electron microscopy (TEM) was used
for imaging. TEM is capable of much higher resolution then other forms of microscopy
such as standard light microscopy. TEM works by transmitting a beam of electrons
through a thin sample and monitoring the interactions of the electrons with the sample.
The image produced can then be focused and magnified onto an imaging device. As
mentioned a thin sample was needed for TEM, preparation of the samples were obtained
by dropping diluted solution onto a copper grid with carbon film. High-resolution TEM
images were acquired at an accelerating voltage of 300 kV on Hitachi H-9500. Figure 2-2
show TEM images of the gold particles used in this study.

Figure 2-2 TEM images of Gold Nanoparticles obtained on Hitachi H-9500.

Image analysis was conducted on over 1500 particles, utilizing FoveaPro 4.0, a
plug-in of Adobe Photoshop. Results produced a distribution of particles with a mean
diameter of 5.65 nm and a standard deviation of 1.30 nm. To ensure accuracy for surface
area and volume calculations the data was fit to a log normal distribution curve. Using the
plot seen in Figure 2-3.
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Figure 2-3 Size distributions of Gold Nanoparticles obtain by image analysis of TEM.

This curve was then used to produce a probability Equation 2-1 for particles
radius. This probability function was then integrated into surface area and volume
calculations as displayed below in Equation 2-2 and Equation 2-3. This allowed for the
calculations to be done with a distribution function of particles size. Calculations were
carried out using Mathimatica software.
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     Equation 2-1 Particles radius probability function  
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Equation 2-2 Surface area of nanoparticles
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Equation 2-3 Volume of nanoparticles

where σ and µ are the standard deviation and mean collected from the data set, and r is
the radius of the nanoparticle.
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2.2.3.2 Dynamic	
  Light	
  Scattering	
  

Dynamic light scattering is a time dependent measurement of the fluctuation in
scattering intensity of a sample. It is used to determine the hydrodynamic diameter of
particles or polymers in solution. It does this by utilizing Brownian motion given that the
temperature remains constant and that the viscosity of the solution is known. Different
size particles will move at different rates, smaller particles will move faster than larger
ones, thus the rate at which the scattering intensity changes can be used to determine the
size of the particles. The velocity of the Brownian motion determines the translational
diffusion coefficient, which is then used to solve the Stokes Einstein equation, Equation
2-4, to determine the hydrodynamic diameter of the particles.

!=
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!"#!!

Equation 2-4 Stokes Einstein Equation

where D is the diffusion coefficient, k is Boltzmann constant, T is the temperature, η is
the viscosity of the liquid, and RH is the hydrodynamic radius.
The data acquired can be reported in three different percentages; by intensity, by
volume, or by number. In this paper the DLS values will be reported at % by volume.
DLS was conducted using Malvern Zetasizer Nano Series. Samples were prepared and
measured in a zeta cell using a standard operating procedure, which measured gold in
water. DLS was used both for preliminary characterization of the particles and used after
quenching experiments to confirm attachment of fluorescent ligands.
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2.2.3.3 Zeta	
  Potential	
  

Zeta potential is another characterization technique used to determine the stability
of particles in a colloidal system. When referring to stability we are referring to the
ability of the particles to stay in solution and not aggregate due to van der Waals forces.
To avoid aggregation particles need surface repulsions. In short, Zeta potential measured
the charge of the particles. If the particles have a large positive or negative zeta potential
then they will repel each other and remain stable. Like DLS, Zeta potential was measured
on a Malvern Zetasizer Nano Series. Zeta potential was originally conducted for
characterization of the gold nanoparticles and then used as a tool for comparison after the
quenching studies. Samples were the same as one used for DLS measurements.

2.2.3.4 Ultraviolet-‐Visible	
  Spectroscopy	
  	
  

Ultraviolet-visible spectroscopy (UV-Vis) is a common analytical technique that
is utilized in several characterization instruments. In these studies we utilize UV-Vis as
its own instrument to measure the absorption of our particles systems in the visible
spectrum. It works by measuring the transition of electrons from the ground state to the
excited state. UV-Vis was used to determine the absorbance spectrum of the gold
particles for FRET. It was also used as confirmation of attachment of fluorescent ligands.
As fluorescent ligands attached to the surface of the gold nanoparticles a shift in the peak
absorbance spectrum would be seen. UV-Vis was conducted with Perkin Elmer Lambda
900 UV-Vis/NIR Spectrometer where samples were measured in a glass cuvette.
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2.2.3.5 Mass	
  Spectrometry	
  

Mass Spectrometry is an analytical technique used for determine elemental
composition of a sample by measuring the mass-to-charge ratio of charged particles. In
order to determine the concentration of the AuNP system inductively coupled plasma
mass spectrometry (ICP-MS) was used. ICP-MS was utilized because of the low
concentration of gold particles in our system. In short this technique worked by ionizing a
sample with the inductively coupled plasma and then the mass spec to separate and
quantify those ions was utilized. Mass Spec-ICP was conducted on a Thermo X-series
ICPMS and was used to obtain an accurate concentration of the particles. Concentrations
were obtained by averaging three samples from the AuNP solution. Samples were created
by drying followed by digesting the particles in nitric acid, digested particles were then
put into 15.5 mL of DI water with 0.5 mL HCl. Five standards were also created as a
calibration series for the instrument. These were made using High-purity gold standards
in 2% HCl with concentrations ranging from 0.01 to 0.25 ppm. The data collected from
ICP-MS coupled with the integration of size calculations allowed for the calculation of
surface area and volume of particles used in this study.
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2.2.4

Synthesis of Fluorescein-Terminated Ligands

As previously mentioned, for this study five common ligands were used.
They were chosen to compare their functional group’s binding strength on the surface of
gold relative to one another. The five ligands used were cysteamine (thiol), taurine
(sulfate), ethanolamine (alcohol), ethylenediamine (amine), and β-alanine (carboxylic
acid). For ease of reading and to avoid any confusion the ligands will now be referred to
as their functional group. Structures of these ligands can be seen in Table 2-1 as well the
below described synthesis can be seen schematically in Figure 2-4.

Name

Cysteamine

Taurine

Ethanolamine

Ethylenediamine

ΒAlanine

Functional
ity
Chemical
Structure

SH

SO3-

OH

NH2

COOH

Table 2-1 Chemical name, functionality, and structure of ligands being used
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Figure 2-4 Reaction of NHS-Fluorescein with amine functional ligand, synthesis used to tag ligands
with fluorescein-dye

As can be seen, each of the ligands being used have an amine functionalized
end group. The fluorescent molecule being used to tag the ligands is Fluorescein-NHS,
where NHS stands for N-hydroxysuccinimide. It is well known that NHS molecules will
readily react with primary amines[102-104]. For this reason the previously mentioned
ligands were chosen for reaction. Utilizing NHS chemistry the amine group readily
replaced the NHS group on the dye.
The reaction was carried out in a solution of 8 mL of anhydrous dimethyl
sulfoxide (DMSO) and 2 mL of 50 mM borate buffer. DMSO was dried using anhydrous
magnesium sulfate. In the thiol reaction a 5:1 stoichiometric ratio of aminoethanethiol to
NHS-fluorescein was used to ensure that all fluorescein was reacted. Fluorescein-NHS
was dissolved in the DMSO and allowed to stir for an hour under nitrogen purge.
Meanwhile the aminoethanethiol was dissolved in a 50 mM borate buffer. After which
the aminoethanethiol solution was slowly added to the fluorescein solution and allowed 2
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hours to react. The ligands were then extracted from the DMSO solution using
tetrahydrofuran (THF), the product was a combination of both fluorescein-terminated
thiol and unreacted aminoethanethiol. The unreacted molecules were separated from the
fluorescein-terminated thiol using flash chromatography. Flash chromatography is a
common separation technique where a compound is passed through a column filled with
a stationary phase (generally silica). The compound is passed through the column with
different eluents causing the different components of the compound to separate and leave
the column at different times. Flash chromatography expedites the process by applying
pressure via nitrogen gas to decrease eluent time. Samples were wet loaded into the
column with ethanol. For this study the stationary phase used was a Silica 60 Å gel 250425 mesh purchased from Sigma Aldrich and the eluent was a 70/30 solution of
hexanes/ethanol, this removed any unreacted aminoethanethiol. The column was then
flushed with ethanol to remove any residual hexanes, followed by DI water to remove the
pure fluorescein-terminated thiol ligands. Purity was confirmed using Fourier transform
infrared spectroscopy (FT-IR), this was done using attenuated total reflectance (ATR).
When all of the cysteamine was removed from the system no primary amine peaks would
be visible in the FT-IR spectrum. When a primary amine is present in the system a sharp
peak will be observed in the FT-IR spectrum between 3200-3500 cm-1. When no peak
was observed in this range the ligand was determined to be pure. This can be seen in the
representative spectrum in Figure 2-5. Here in black we see pure aminoethanethiol with a
sharp peak at 3400 cm-1, in blue we see the purified fluorescein-terminated thiol, which
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does not have this sharp peak. The broad peak seen in this region is from an alcohol
group, which is part of the fluorescein molecule.
Cysteamine
Fluorescein-Terminated Thiol
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Figure 2-5 FT-IR spectrum of pure aminoethanethiol (black) and purified fluorescein-terminated
thiol ligand (blue)

This same procedure was carried out to synthesize the fluoresceinterminated: sulfate, carboxylic acid and alcohol. The fluorescein-terminated amine was
synthesized in the same manor only with a 10:1 stoichiometric ratio of ethylenediamine
to fluorescein-NHS. This was done to since both ends of the ethylenediamine are amine
functionalized. Since the following experiments would require very low concentrations of
fluorescein-terminated ligands a stock solutions of known concentrations were made and
stored in a dark UV protected area to avoid any photobleaching over time.
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2.2.5

Photoluminescence Spectroscopy

Photoluminescence spectroscopy, also known as fluorescence spectroscopy, is
technique that analyzes the fluorescence of a sample. When in the visible spectrum, this
is done by using a beam of ultraviolet light to excite electrons in a molecule to a higher
energy state, the electrons then return to ground state by emitting photons. The intensity
of the photons emitted is recorded by the spectrometer. The theory used for this study is
that the intensity of the photons emitted can be related to the concentration of molecules
in the system. Hence, the more molecules being excited create more photons thus a
stronger signal. We used this to measure the concentration of unbound fluoresceinterminated ligands in a system. To accomplish this, first calibrations were made for each
of the fluorescein-terminated ligands as will be described below, below in Figure 2-6 the
calibration curve of the fluorescein-terminated carboxylic acid can be seen.
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Figure 2-6 Calibration curve of fluorescence intensity vs concentration for fluorescein-terminated
carboxylic acid

All photoluminescence measurements were made on a Perkin Elmer PL 50B. In
accordance to the data sheet received with the fluorescein the excitation wavelength used
was 488 nm, the emissions were then recorded at 518 nm the peak emission of
fluorescein. Eight scans were averaged for each sample with a scan rate set to 400
nm/min. Excitation and emission slits were optimized for each system to obtain most
accurate readings. Five standards of known concentrations were made for each of the
fluorescent ligands, 1.5 mL of each standard was placed in a glass cuvette and the
fluorescent intensity was then recorded. The results were then plotted as concentration
verses intensity and a linear regression was fit to the data with Y intercept set at zero
producing an equation relating intensity of photons emitted to concentration of ligands in
the system. This equation would be used in the following titration experiments to track
attachment and detachment of ligands on the surface of gold nanoparticles.
2.2.5.1 Gold	
  Quenching	
  Experiments	
  

As mentioned previously, the first method used for tracking binding of ligands is
to titrate gold nanoparticles into a system of fluorescein-terminated ligands. This was
completed for two reasons; the first being to confirm the theory of quenching of
fluorescence by gold as ligands attach to the particles and the second to compare the
binding of each ligand onto gold particles. A known concentration of fluoresceinterminated ligands (approximately 5.2 nmol) was placed in a glass cuvette, the sample
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was excited at 488 nm and the intensity of was recorded at 518 nm. Then 50 µL of
AuNPs was added to the solution and fluorescence intensity was recorded. This process
was then repeated until no fluorescence signal was seen or until the cuvette reached
capacity. This was completed for each of the fluorescein-terminated ligands. The
resulting intensities were then converted into nmol of free fluorescent ligands in the
system using the equations previously determined from calibration series. Results were
then plotted as concentration of free ligands verses surface area of gold nanoparticles.

Upon completion of the titration experiment of gold the sample was further tested
to determine if binding of fluorescent ligands took place. This was done is several ways.
The first was that the sample was placed in the UV-Vis and the absorbance spectrum was
recorded from 700-300 nm. Attachment of the new ligand should result in a shift in the
peak emission. Following UV-Vis, a portion of the sample was transferred to a zeta cell.
DLS and Zeta potential measurements were then made on the sample again a shift in
peaks indicated binding of fluorescent ligands.
2.2.5.2 Competitive	
  Binding	
  of	
  Mono-‐functional	
  Ligands	
  

The second method used to compare the binding of the five ligands was a
direct competitive binding study. This was performed by having an initial system of gold
particles and fluorescein-terminated ligands and then titrating in a known concentration
of mono-functional ligands. Each of the fluorescein-terminated ligands had a monofunctional thiol, sulfate, amine, alcohol and carboxylic acid titration as well as a diamine
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series conducted. In this study the starting concentration of the fluorescent ligands were
essentially equivalent (approximately 3.8 nmol/mL). A starting volume of 1.2 mL of
fluorescein-terminated ligand (approximately 4.6 nmol) with 0.3 mL of AuNP
(approximately 42 nmol) was used for all experiments. An initial measurement of
photoluminescence intensity was measure at this point. A photoluminescence signal was
measured meaning that there were free fluorescent ligands in the system. This provided
the assumption that all AuNP binding sites were occupied by fluorescent ligands. The
competing mono-functional ligand was then titrated in 0.2 mL at a time (approximately
.94 nmol), intensity being measured after each titration, until a total of 1.0 mL of the
mono-functional ligand had been added. At this point there was an equivalent
concentration of each the mono-functional and the fluorescein-terminated ligand in the
system. The theory behind these experiments was that as mono-functional ligands replace
fluorescent ones on the surface of gold an increase in the fluorescent intensity would be
seen. These results were then converted to nmol of free fluorescent ligands in the system
and plotted to obtain a comparison for the five functional groups being investigated. This
titration series consist of thirty experiments each of the five fluorescein-terminated
ligands had a mono-functional thiol, sulfate, amine, alcohol, and carboxylic acid titration
series as well as a diamine titration series. This allowed for an accurate comparison of
each functional group to the others along with to itself. The diamine titration series were
carried out to determine if there was a binding difference when both ends of the ligand
were functional and could bind.
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2.2.6

Modeling of Data

Attaching functional molecules via ligand exchange on the surface of gold
has been described to as an “SN2-like” mechanism. In this process the incoming ligand
can displace the existing ligand on the surface of gold. At this point the ligand that was
just displaced from the surface of gold can then in turn displace another ligand until
equilibrium is reached, K is the constant associated with this equilibrium. It is assumed
that during the experiments there are more fluorescein-terminated and mono-functional
ligands then binding sites on gold. Thus all ligands are competing for binding sites on
AuNPs which creates an exchange mechanism as displayed below, Equation 2-5. In these
experiments the mono-functional ligand (Lf) is introduced to the system with bound
fluorescein-terminated ligands (Fb) as the mono-functional ligand displaces a fluoresceinterminated one it becomes bound to the AuNP, represented by Lb and the fluoresceinterminated ligand is then free in the system represented by Ff.
!! + !!

!

!! + !!

Equation 2-5 Ligand exchange mechanism

The following Equation 2-6 and Equation 2-7 are used to determine the equilibrium
constants of the competing ligands:
!!
!!
!!
!!

=

!! [!! ]
!! [!! ]

=!

Equation 2-6 Competitive binding exchange equilibrium constant calculation

Equation 2-7 Ratio of equilibrium constants

Where [Ff] is the concentration of free fluorescein-terminated ligand in the system, [F]] is
concentration of fluorescein-terminated ligand bound to the surface of gold, [Lf] is the
concentration of free mono-functional ligand in the system, [Lb] is the concentration of
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mono-functional ligand bound to the surface of gold, KL is the binding constant of the
mono-functional ligand and KF is the binding constant of fluorescein-terminated ligand.
We define K as a ratio of KL over KF thus, K values greater than 1 represent a stronger
mono-functional ligand and K values less than 1 represent a stronger fluoresceinterminated ligand. The data is computed with the following assumptions displayed as
Equation 2-8, 2-9, 2-10.
!! = !! + !!

Equation 2-8 Relationship of fluorescein-terminated ligands in system

!! = !! + !!

Equation 2-9 Relationship of total incoming ligands in system

!! = !! Equation 2-10 Relationship between fluorescein-terminated ligand and incoming ligand

Where FT and LT are the total moles of the ligands in the system respectively. The moles
of fluorescein-terminated ligands remain constant through out the experiments so
Equation 2-8 is justified. By measuring the fluorescent intensity in the system a
concentration of free fluorescein-terminated ligands is obtained. Thus concentration of
bound ligands can then be computed. In this modeling it is assumed that ligand
replacement follows a 1:1 ratio, that is for each fluorescein-terminated ligand displaced
from the surface of the AuNP one mono-functional ligand attaches, thus Equation 2-10.
This modeling does not take into account the different binding sites on the
surface of gold, different binding sites can posses different equilibrium constants as a
result of differences in exchange kinetics. The equilibrium value, K value, calculated is
represented as an average over the system of AuNPs. The particles being used are
referred to as “bare” particles because no additional functionalization has been
performed. Bare particles have a citrate coating from they synthesis process. Citrate is
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known to be easily displaced from the surface of gold nanoparticles[42-45], therefore in
this study the presence of citrate is assumed to have no effect on the competitive binding.
All measurements were made at steady state; equilibrium was believed to be reached
within seconds of the addition of the ligand. This theory was confirmed by conducting a
time study in which measurements were made initially every minute for 30 minutes
followed by measurements taken over the next 24 hours.
2.3

Results

As mentioned above Figure 2-7 displays the quenching of the five fluoresceinterminated ligands with the addition of gold nanoparticles. Displayed below in Table 2-2
the calculated ligands per surface area of gold nanoparticles (nm2). This data was
obtained using the results of the x intercept from Figure 2-7 and the surface area
calculations in Equation 2-2. In Table 2-3 the results from DLS measurements are
displayed at % by volume. Data was obtained after the quenching study to verify the
attachment of the fluorescein-terminated ligands to the surface of gold nanoparticles.
Table 2-4 displays values for peak absorbance obtained from UV-Vis, after the
quenching studies of gold nanoparticles, results show shifts in the peak absorbance
indicating binding of fluorescein ligands. As well Table 2-4 displays the zeta potential
obtained after quenching studies. Figure 2-8 to Figure 2-11, display the results obtained
from the titration of mono-functional ligands into a system of fluorescein-terminated
ligands bound to the surface of gold. Concentration of free fluorescein-terminated ligands
were determined with the use of a calibration curve relating fluorescence intensity to
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concentration of fluorescein-terminated ligand. Results are then displayed as % free
fluorescein-terminated ligands based on total concentration of ligands in the system.

Fl-Amine
Fl-Alcohol
Fl-Sulfate
Fl-Carboxulic Acid
Fl-Thiol

Quenching of Fluorescein-Terminated
Ligands by AuNPs

6

Free Ligand (nmol)

5
4
3
2
1
0

0

14

1 10

2 10

14

3 10

14

4 10

14

5 10

14

14

6 10

7 10

14

14

8 10

SA AuNP (nm^2)

Figure 2-7 Data obtained from quenching studies of gold nanoparticles. Gold nanoparticles were
titrated into a solution of fluorescein-terminated ligands.

NH2-Fl
Ligand/nm2AuNP

6.82

SH-Fl
6.54

OH-Fl
7.79

COOH-Fl
4.34

SO3--Fl
3.79

Table 2-2 Calculated ligands bound per nm^2 on the surface of gold nanoparticles. Values were
determined using the quenching study below and calculated surface area based on TEM image
analysis
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Diameter (nm)

% Volume

AuNP

6.43

98.1

OH-Fl

7.62

97.0

SH-Fl

8.70

97.3

COOH-Fl

7.92

98.0

NH2-Fl

7.97

99.3

SO3--Fl

7.13

98.2

Table 2-3 Hydrodynamic diameter of AuNPs before reaction with fluorescein-terminated ligands and
after modification with fluorescein-terminated ligands. by Displayed % volume as determined by
Malvern Zetasizer.

Peak Absorbance
(nm)

Zeta Potential
(mV)

AuNP

513

-53.6

OH-Fl

507

-41.9

SH-Fl

510

-63.6

COOH-Fl

508

-55.7

NH2-Fl

510

-60.1

SO3-

508

-58.8

Table 2-4 Peak absorbance obtained from UV-Vis and zeta potential of gold nanoparticles after
attachment of fluorescein-terminated ligands.
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SH
OH
NH2
SO3COOH
NH2-NH2

Mono-Functional Ligands
vs Fluorescein-Terminated OH

% Free Fluorescein-Terminated OH

40
35
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5
0

0

1

2

3

4

5

Competing Ligand Added (nmol)

Figure 2-8 Results from displacement study of incoming mono-functional ligands vs fluoresceinterminated OH bound to the surface of gold nanoparticles. Results displayed as % free fluoresceinterminated OH as a function of incoming ligand concentration
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SH
OH
NH2
SO3COOH
NH2-NH2

Mono-Functional Ligands
vs Fluorescein-Terminated COOH

% Free Fluorescein-Terminated COOH

35
30
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10
5
0

0

1

2

3

4

5

Competing Ligand Added (nmol)

Figure 2-9 Results from displacement study of incoming mono-functional ligands vs fluoresceinterminated COOH bound to the surface of gold nanoparticles. Results displayed as % free
fluorescein-terminated COOH as a function of incoming ligand concentration
SH
OH
NH2
SO3COOH
NH2-NH2

Mono-Functional Ligands
vs Fluorescein-Terminated SH

% Free Fluorescein-Terminated SH
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5

0

0

1

2

3

4

5

Competing Ligand Added (nmol)

Figure 2-10 Results from displacement study of incoming mono-functional ligands vs fluorescein
terminated SH bound to the surface of gold nanoparticles. Results displayed as % free fluorescein
terminated SH as a function of incoming ligand concentration
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SH
OH
NH2
SO3COOH
NH2-NH2

Mono-Functional Ligands
vs Fluorescein-Terminated SO3-

% Free Fluorescein-Terminated SO3-
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Competitive Ligand Added (nmol)

Figure 2-11 Results from displacement study of incoming mono-functional ligands vs fluorescein
terminated SO3- bound to the surface of gold nanoparticles. Results displayed as % free fluorescein
terminated SO3- as a function of incoming ligand concentration
SH
OH
NH2
SO3COOH
NH2-NH2

Mono-Functional Ligands
vs Fluorescein-Terminated NH2
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Figure 2-12 Results from displacement study of incoming mono-functional ligands vs fluorescein
terminated NH2 bound to the surface of gold nanoparticles. Results displayed as % free fluoresceinterminated NH2 as a function of incoming ligand concentration
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Below Table 2-5 displays the calculated K-value from Equation 2-6, K-values
were calculated after the last titration. K-values greater then 1 represent dominant
incoming ligands, while concentrations less than 1 represent dominant bound ligands. As
well, K-values closer to 0 will represent very strongly bound fluorescein-terminated
ligands compared to values closer to 1. As well Figure 2-13 displays the K-value results
as a percent of greatest K-value obtained. This is used to identify the strongest and
weakest ligands.

Ligand

OH-Fl

NH2-Fl

COOH-Fl

SO3--Fl

SH-Fl

COOH

0.323

0.357

0.176

0.140

0.067

NH2

0.245

0.265

0.121

0.096

0.054

SH

0.139

0.065

0.087

0.115

0.039

NH2-NH2

0.101

0.033

0.017

0.034

0.028

OH

0.000

0.000

0.000

0.005

0.000

SO3-

1e-4

8e-5

0.000

0.002

6e-4

Table 2-5 Calculated K-values from mono-functional ligand studies. K-values closer to 0 represent
strongly bound fluorescein-terminated ligands to the surface of gold. K-values closer to 1 represent
weaker bound fluorescein-terminated ligands.
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Figure 2-13 Contour plot of normalized K-values. K-values are normalized to the greatest value
obtained. Values are depicted as % of greatest K-value observed.

2.4

Discussion

As previously mentioned we performed image analysis on TEM images to
determine the radius of the gold nanoparticles. Results provided a mean diameter of 5.65
nm and a standard deviation of 1.30 nm. The distribution of the data was then fitted with
a log-normal distribution. This is function was then integrated to determine the surface
area and volume of a single gold particle to be 99.93 nm2 and 93.94 nm3 respectively.
This data was then coupled with the ICP-MS concentration data to calculate the surface
area of gold particles available in a system. Initial quenching series of fluorescein-
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terminated ligands could then be plotted as seen in Figure 2-7. It is seen here that as more
gold particles are added to the system the surface area available for binding of ligands
increases. As surface area increased binding sites increased which allowed for the
binding of more fluorescein-terminated ligands, as seen in the decreased fluorescent
intensity. This plot mainly serves to show that the phenomena of FRET can be used to
monitor the attachment of ligands to the surface of gold. This data was also used to show
that the fluorescent intensity of the dye ligand can be fully quenched by gold. However,
this data can also be used to determine the number of ligands per nm2 of gold. Results of
these calculations can be seen in Table 2-2. Literature reports that the binding sites per
gold nanoparticles can be estimated as 77.9r2 [100]. The calculations were computed for
our particles using this equation and the surface area of one particle to obtain the value of
approximately 6.2 binding sites per nm2 of gold nanoparticles. It should be noted that this
equation was determined using thiol functional ligands. Our calculated value of ligands
per nm2 of gold for the fluorescein-terminated thiol was 6.54 ligands per nm2. We have
very good correlation between our calculated coverage and that found in literature. This
further provides evidence that the fluorescence was being quenched as they attached to
the nanoparticle and not just when in proximity of the particle. As well it justifies the
assumption that most of the citrate was displaced from the surface of gold.

Several characterization techniques were employed to fully characterize gold
nanoparticles both before and after modification with fluorescein-terminated ligands. As
displayed in Table 2-3 the diameter according to DLS shows an increase in
hydrodynamic diameter after the quenching experiments. This is as expected since the
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fluorescein-terminated ligand is a larger molecule than the citrate that was previously on
the surface. As well, the zeta potential shows a shift in values after the addition of
fluorescein-terminated ligands. Finally the UV-Vis displays a shift in the surface plasmon
resonance (SPR) absorption as well. A shift in the absorbance spectrum is indicative of a
different ligand being present on the surface of the particle. This technique is commonly
used to confirm ligand exchange during modification of particles. These three techniques
substantiated that the fluorescein-terminated ligands have attached to the surface of the
gold particles. The attachment of these ligands is vital to this study. This data proved that
the fluorescein molecules are being quenched as they attached to the surface of the gold
and there wasn’t just a proximity quenching effect. As well this data confirms that the
fluorescein molecules are on the surface of the gold at the start of the titration
experiments to follow.

As mentioned above ligand exchange on the surface of gold is described as a “SN2like” mechanism. A schematic is shown in Figure 2-14 and can be described by having a
system of gold nanoparticles with ligand “A” attached to the surface, as another ligand
“B” is introduced to the system B can displace A. Following which the newly displaced
A can displace an attached B. This competitive binding will continue until equilibrium is
reached. To describe this equilibrium we use a constant K, K is defined as the
relationship of the binding constant of ligand B (KB) over the binding constant of ligand
A (KA), as show in Equation 2-6. A large K value represents a strong binding B ligand,
while a low K value represents a stronger binding A ligand. This theory is employed in
functionalizing gold nanoparticles. Gold nanoparticles are commonly synthesized with
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citrate ligands as a capping ligand. This is done to control particles size as well, citrate is
a relatively weak binding ligand and can be readily displaced by other ligands. For
example, citrate will be replaced with thiol-functionalized ligands; thiol is known to bind
very well to AuNPs and is used to attach desired polymer chains or other functional
ligands to gold nanoparticles. In this example, the thiol ligand would be represented by
the B ligands (added to solution) and the citrate would be represented by the A ligand (on
the surface of the particles). This particular system would have a large K value as the
thiol replaced the citrate on the surface of gold. When comparing this to the present
study, it was hypothesized that the thiol would be the strongest ligand. Since citrate is a
molecule that consists of COOH and OH functional groups, it was assumed that the
mono-functional OH or COOH would not displace the fluorescein-terminated thiol. As
well, the mono-functional thiol should have readily displaced both the fluoresceinterminated carboxylic acid and hydroxyl ligands.

B
A A A
A
A
B
A
A
A
A A B
A

B
B
A

Figure 2-14 Schematic of SN2 exchange mechanism

In this study the fluorescein-terminated ligands are represented by the A ligand in
the mechanism described above. The mono-functional ligands are represented by the B
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ligands as described above. Thus, a value greater than 1 would indicate the monofunctional ligand was dominating while a K value less than 1 would indicate the
fluorescein-terminated ligand was dominating. Furthermore, K values >> than 1 would
indicate a stronger mono-functional ligand than values closer to 1, conversely a K values
<< 1 would indicate a stronger binding ligand then a value closer to 1. To ease
comparison the K values were normalized to a percent of Kmax, as displayed in Figure
2-13. This allows for direct comparison of the ligands as well, by computing the data in
this way we can easily interpret the data in three ways. The first being that we can
compare the fluorescein-terminated ligands individually, the second being we can
compare the mono-functional ligands individually, and lastly we can compare all ligands
together, all three are used to determine a hierarchy of binding ligands.

The first observation of note was that none of the calculated K values were greater
than 1. This lead to the conclusion that the titrant (mono-functional ligand) was not
dominating in any of these exchange reactions, which was to be expected because of the
time in which exchange occurred. It is known that ligand exchange is time dependent and
full exchange of fluorescein-terminated ligands would not be observed for several hours.
As well this could be due to the 1:1 ratio of ligands. Typically ligand exchange is
conducted using a gross excess of incoming ligands to drive exchange. In this study a 1:1
ratio was used to the interaction between the two ligands. For this same reason full
recovery of fluorescence was not observed in any of the titration experiments. It is known
that ligand exchange proceeds as a function of time in two main steps. The first is an
initial rapid exchange of ligands most likely due to the exchange of ligands on vertex
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defect sites. This exchange happens in a few minutes. Following the rapid exchange is a
much slower exchange of ligands at defect edge sites and terrace binding sites. Based on
previous studies it is assumed that in order to observe full recovery of fluorescence and
thus have full displacement of ligands from the surface the reaction would need several
hours or even days to go to completion. For the sake of this study only the rapid exchange
step was used for analysis. As shown in Figure 2-8 to Figure 2-12, the reaction followed
the same rapid exchange followed by a smoothing of the curve with the addition of more
incoming ligand.

Looking at the fluorescein-terminated ligands individually. For example, column 1
in Table 2-5, this column represents how different mono-functional ligands displaced the
fluorescein-terminated alcohol. Here we see that the carboxylic acid displaced the most
fluorescein-terminated alcohol, it has the highest K values, recall that high K value
represents stronger titrant. Following the carboxylic acid the K values decreased in the
following order amine, thiol, diamine, alcohol and sulfate. This similar trend is observed
in the fluorescein-terminated amine, carboxylic acid and thiol. The fluoresceinterminated sulfate is very similar, however it can be seen in column 4 that the monofunctional thiol displaced the fluorescent sulfate more than the mono-functional amine
although the difference in value is relatively small. The trend in the data led to the
conclusion that the mono-functional ligands in order of strongest displacement to weakest
was as follows; carboxylic acid, amine, thiol, diamine, alcohol, sulfate. This data supports
the “SN-2” like mechanism for ligand exchange. It is seen from the data that the type of
incoming ligand plays an important role on the replacing of ligands on the surface of gold
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nanoparticles. This data was as expected different incoming ligands will displace at
different rates. However, further investigation suggests that the associative mechanism,
though important, is not the only determinate of ligand exchange.

The rows in Table 2-5 are used to compare the binding of the fluoresceinterminated ligands. For example, in row 1, comparison of how the fluorescein-terminated
ligands were displaced by the mono-functional carboxylic acid titrated into the system is
displayed. As stated above the carboxylic acid was determined to be the strongest
displacing ligand however, it displaced the fluorescein-terminated ligands differently
which calls for further investigation. We see that the K value was highest for the
fluorescein-terminated amine and then decreased in the following order alcohol,
carboxylic acid, sulfate, thiol. One should keep in mind that when comparing the
fluorescein-terminated ligands a low K value represents a stronger binding ligand. This
would lead to the conclusion that the fluorescein-terminated amine was the weakest
bound ligand. We can also conclude that the thiol was the strongest. This similar trend is
seen in the titrations with the mono-functional amine. However, a different pattern is seen
in the titrations with the thiol and diamine. For this comparison we saw that the alcohol
and sulfate had such low K values that there was almost no interaction and no trend could
be determined. In the thiol titration series the fluorescein-terminated alcohol was the
weakest followed by the sulfate, carboxylic acid, amine, and then thiol. Once again we
saw that the fluorescein-terminated thiol was the strongest bound ligand. This data leads
to very interesting conclusions. It can be seen that the ligand exchange process is not
dependent completely upon the incoming ligand. If it were then the displacement of each
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fluorescent-terminated ligand would be the same dependent upon the incoming monofunctional ligand. Since a distinct difference can be seen from this data it is concluded
that more likely there is a strong dependence upon the attached ligand and suggests that
ligand exchange can be described more accurately as a mixture of SN-2 and SN-1
mechanisms.

The diamine titration series provided very interesting data. This data showed that
the fluorescein-terminated thiol was not the strongest bound ligand. It was the only
titration series with such results. The diamine did not perform as well as the monofunctional amine. This raises questions about the effect of a bi-functional ligand and calls
for further investigation. Although the trends aren’t as straightforward as those for the
mono-functional ligands we can draw some conclusions. With the exception of the
diamine the fluorescein-terminated thiol was the strongest binding ligand. We can also
conclude that fluorescein-terminated alcohol and amine are the weakest, and finally the
fluorescein terminated carboxylic acid and sulfate fall somewhere in the middle.
However, the summation of the % Kmax for each fluorescein-terminated ligand provided
an idea of total displacement of that ligand over the entire study. The results indicated a
good evaluation for the binding hierarchy of fluorescein-terminated ligands. As well it
suggest a SN-1 mechanism is presence in ligand exchange.
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2.5

Conclusion

In this chapter three main goals were completed. First, FRET was utilized to
monitor the attachment of fluorescein-terminated ligands onto the surface of gold. It has
been well established that gold nanoparticles quench the fluorescence of fluorescein-dye
molecules, however in this study we provided proof that we can track as the molecules
attach to the surface of gold with high accuracy. This was accomplished by creating a
calibration curve of the photoluminescence intensity emitted by fluorescein-terminated
molecules as a function of their concentration. We further proved this theory by then
titrating gold nanoparticles into a system of fluorescein-terminated ligands and observed
the photoluminescence intensity decrease as the concentration of gold nanoparticles
increased. The attachment of the fluorescein-terminated ligands was confirmed with the
use of DLS, zeta potential and UV-Vis. As well, this data allowed for the calculation of
number of ligands per surface area of gold nanoparticles. The calculated data was
consistent with published studies.

Using FRET we then monitored the competitive binding of five fluoresceinterminated ligands verses five mono-functional ligands as well as a bi-functional amine.
This was done to determine a hierarchy of binding for the five functional groups.
However, after modeling of this data it was evident that the functional groups could be
classified in two different manners. The first is the ability to detach ligands already on the
surface of gold. The second being binding strength of the ligands attached to the surface
of gold, that is how easily a ligand is displaced by a competing ligand. These results lead
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to the idea that the mechanism for ligand exchange is not strictly a SN-2 type. This data
suggests that there is a strong relationship of the type of ligand bound to they gold;
implying a SN-1 like mechanism is present as well. From the data a hierarchy for each
exchange mechanism was produce. For the first, the ability to detach ligands, in order of
strongest to weakest the hierarchy is as follows; carboxylic acid, amine, thiol, diamine,
alcohol, sulfate. For the second, the binding strength of a ligand, it was determine that in
order of strongest to weakest the hierarchy is as follows; thiol, sulfate, carboxylic acid,
amine, alcohol.

Future work to be displayed in later chapters will focus on the effect of bi-functional
ligands as the competitive ligand. It was determined in this chapter that there was
difference between the mono-functional amine and the diamine. It appears that the bifunctional ligand performed worse than the mono-functional ligand. This idea seems
counter intuitive as having two reactive ends and being a short chain would provide more
functionality to compete and a possibility of displacing two bound ligands. As well, the
effects of concentration present in the system will be studied. In the previous study the
amount of fluorescein-terminated ligand and competing ligand were approximately equal
after the last titration. The next study will involve a gross excess of competing ligand.
Ideally, this will provide a driving force for detachment of ligands initially bound to the
surface of gold resulting in higher yields.
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Chapter 3 Competitive Binding of Bi-functional Ligands
3.1

Introduction

In the previous chapter we determined that it was possible to accurately track
ligand exchange on the surface of gold nanoparticles utilizing the FRET. In this chapter
we will take the process a farther and look at different competitive ligands. If you recall
in the previous chapter five mono-functional ligands and a diamine were used for the
competitive binding experiments. As could be seen in these experiments the diamine
didn’t displace as much of the fluorescent ligand as the mono-functional amine ligand.
From this it can be seen that when there are two functional groups available on a
competitive ligand the binding changes. To expand more on this I conducted a series of
titrations where the competitive ligand being used will have two functional groups. We
will from here on out refer to these competitive ligands as “bi-functional.”

To maintain consistency and have a platform for comparison, these bi-functional
ligands will still have the same functional groups as before on one end, (thiol, alcohol,
sulfate, amine, and carboxylic acid) and on the other end will be an amine group. This
will allow for a platform for comparing the mono-functional ligands to the bi-functional
ligands as well as comparing the bi-functional ligands to one another. If every ligand had
two different functional groups it would prove difficult to draw any conclusions. The
amine end group can be thought of as a control in these experiments. Allowing for
evaluation of the effect of two functional groups. Once again we will utilize the
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quenching of fluorescence by gold nanoparticles and fluorescein-terminated ligands. The
same theory will be employed, where gold nanoparticles will be used as a quencher of
fluorescein-terminated ligands attached to the surface. Upon displacement of fluorescein
ligands an increase in fluorescence intensity will be observed. This intensity change is
related to concentration of free fluorescein-terminated ligands. This study also looks into
concentration effects on the rapid first stage of ligand exchange. In chapter 2, the
concentration of incoming ligands was a 1:1 ratio with those bound to the surface of gold
nanoparticles, in this chapter the concentration of incoming ligands will be in gross
excess (>10 times) this is completed to further evaluate the effects of concentration on
ligand exchange.

3.2

3.2.1

Experimental

Materials

The materials used were: Dimethyl sulfoxide 99+% from Alfa Aesar 20x Borate
Buffer 1x=50mM from Thermo Scientific Magnesium Sulfate anhydrous powder from
Allinckrodt Chemicals Tetrahydrofuran ACS Grade, Stabilized with BHT from BDH,
Cysteamine 98% from Sigma Life Sciences, β-alanine 99% from Fluka Analytical,
Ethanolamine 99.5% from Sigma Aldrich, Ethylenediamine 99% from Sigma Aldrich,
NHS-Fluorescein from Thermo Scientific, Taurine 99% from Sigma Life, Sodium citrate
dehydrate 99% from Sigma Aldrich, Sodium borohydride 99% from Fluka Analytical,
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Gold (III) Chloride Trihydrate 99.9% from Sigma Chemistry. All materials were used
without any further purification.

3.2.2

Gold Nanoparticles Synthesis

Gold particles of sizes 5-10 nm were targeted for these experiments, to ensure
uniformity in the study a bulk batch of uniform size particles was used. A popular method
for creating smaller particles was developed by Frens et al.[30, 31] This method calls
upon borohydride as a strong reducing agent of gold salt in the presence of capping agent
to produce 1-5 nm particles depending on the concentration of the capping agent. Citrate
was utilized as a capping agent because it binds weakly to gold and can be readily
displaced causing no interference with binding of other ligands[42-45].

Briefly, 50 mL of DI water was combined with 0.25 mM (250µL) of the stock
solutions of both sodium citrate and Au salt (HAuCl4), this was stirred in a 100 mL
Erlenmeyer flask via a magnetic stir bar while 0.05 M solution of freshly made sodium
borohydride was chilled on ice for 5 minutes. It was important to use fresh sodium
borohydride solutions for each reaction. 500 µL of the ice cold, sodium borohydride
solution was then added to aqueous salt solution via micro pipet, instantly the solution
turned pink indicating that the particles were being formed. This was then allowed to stir
for 15 minutes to allow for growth of particles. Particles were then purified by dialysis
against aqueous solution with 12,000-14,000 molecular weight cut off by Spectrum, for
24 hours. In this process sodium borohydride was the reducing agent and the sodium
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citrate was used as a stabilizing agent. Reaction was carried out at room temperature
since citrate does not act as a reducing agent at this temperature.

3.2.3

Gold Nanoparticles Characterization

Studies have shown that difference in aging history can affect the reactivity of the
particle[57]. As well, differences in size and shape can have an influence on binding sites
of AuNPs[51]. To insure an accurate comparison from one experiment to another it was
imperative that the particles where fully analyzed and that the same batch was used.
Transmission electron microscopy imaging, Dynamic Light Scattering (DLS), Zeta
potential, UV-Vis and Mass spectrometry-inductively coupled plasma (MS-ICP) were
conducted on the gold particles. These experiments were conducted using a different
batch of nanoparticles than the mono-functional ligands so some discrepancies in data are
expected. However, these particles were fully characterized as the previous ones.
3.2.4

Fluorescein-Terminated Ligand Synthesis

As previously mentioned, for this study five common ligands were used. They
were chosen to compare their functional group’s binding strength on the surface of gold
relative to one another. The five ligands used were cysteamine (thiol), taurine (sulfate),
ethanolamine (alcohol), ethylenediamine (amine), and β-alanine (carboxylic acid). For
ease of reading and to avoid any confusion the ligands will now be referred to as their
functional group. Structures of these ligands can be seen in Table 3-1 as well the below
described synthesis can be seen schematically in Figure 3-1. As can be seen, each of the
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ligands being used have an amine functionalized end group. The fluorescent molecule
being used to tag the ligands is Fluorescein-NHS, where NHS stands for Nhydroxysuccinimide. It is well known that NHS molecules will readily react with primary
amines[100, 102-104]. For this reason the previously mentioned ligands were chosen for
reaction. Utilizing NHS chemistry the amine group readily replaced the NHS group on
the dye.
Name

Cysteamine

Taurine

Functionali
ty
Chemical
Structure

SH

SO3-

Ethanol
amine
OH

Ethylene
diamine
NH2

ΒAlanine
COOH

Table 3-1 Chemical name, functionality and structure of ligands being used in reaction with NHSfluorescein

Figure 3-1 Chemical reaction of NHS-fluorescein with amine functionalized ligands. Reaction used to
tag ligands with fluorescein dye

The reaction was carried out in a solution of 8 mL of anhydrous dimethyl
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sulfoxide (DMSO) and 2 mL of 50 mM borate buffer. DMSO was dried using anhydrous
magnesium sulfate. In the thiol reaction a 5:1 stoichiometric ratio of aminoethanethiol to
NHS-fluorescein was used to ensure that all fluorescein was reacted. Fluorescein-NHS
was dissolved in the DMSO and allowed to stir for an hour under nitrogen purge.
Meanwhile the aminoethanethiol was dissolved in a 50 mM borate buffer. After which
the aminoethanethiol solution was slowly added to the fluorescein solution and allowed 2
hours to react. The ligands were then extracted from the DMSO solution using
tetrahydrofuran (THF), the product was a combination of both fluorescein-terminated
thiol and unreacted aminoethanethiol. The unreacted molecules were separated from the
fluorescein-terminated thiol using flash chromatography. Flash chromatography is a
common separation technique where a compound is passed through a column filled with
a stationary phase (generally silica). The compound is passed through the column with
different eluents causing the different components of the compound to separate and leave
the column at different times. Flash chromatography expedites the process by applying
pressure via nitrogen gas to decrease eluent time. Samples were wet loaded into the
column with ethanol. For this study the stationary phase used was a Silica 60 Å gel 250425 mesh purchased from Sigma Aldrich and the eluent was a 70/30 solution of
hexanes/ethanol, this removed any unreacted aminoethanethiol. The column was then
flushed with ethanol to remove any residual hexanes, followed by DI water to remove the
pure fluorescein-terminated thiol ligands. Purity was confirmed using Fourier transform
infrared spectroscopy (FT-IR), this was done using attenuated total reflectance (ATR).
When all of the cysteamine was removed from the system no primary amine peaks would
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be visible in the FT-IR spectrum. When a primary amine is present in the system a sharp
peak will be observed in the FT-IR spectrum between 3200-3500 cm-1. When no peak
was observed in this range the ligand was determined to be pure. This can be seen in the
representative spectrum below, Figure 3-2. Here in black we see pure cysteamine with a
sharp peak at 3400 cm-1, in blue we see the purified fluorescein-terminated thiol, which
does not have this sharp peak. The broad peak seen in this region is from an alcohol
group, which is part of the fluorescein molecule. This same procedure was carried out to
synthesize the fluorescein-terminated: sulfate, carboxylic acid and alcohol.
Cysteamine
Fluorescein-Terminated Thiol

0.5

Representitive FT-IR Spectrum
of Thiol Purification

Absorbance

0.4
0.3
0.2
0.1
0
-0.1
4000

3500

3000

2500

2000

1500

1000

500

Wavenumber (cm-1)

Figure 3-2 FT-IR spectrum of aminoethanethiol (black) and fluorescein-terminated thiol (blue). Used
to prove purification of fluorescein-terminated ligand

The fluorescein-terminated amine was synthesized in the same manor only with a
10:1 stoichiometric ratio of ethylene diamine to fluorescein-NHS. This was done to since
both ends of the ethylene diamine are amine functionalized. Since the following
experiments would require very low concentrations of fluorescein-terminated ligands a
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stock solutions of known concentrations were made and stored in a dark UV protected
area to avoid any photobleaching over time.
3.2.5

Photoluminescence Spectroscopy

Photoluminescence spectroscopy, also known as fluorescence spectroscopy, is
technique that analyzes the fluorescence of a sample. When in the visible spectrum, this
is done by using a beam of ultraviolet light to excite electrons in a molecule to a higher
energy state, the electrons then return to ground state by emitting photons. The intensity
of the photons emitted is recorded by the spectrometer. The theory used for this study is
that the intensity of the photons emitted can be related to the concentration of molecules
in the system. Hence, the more molecules being excited create more photons thus a
stronger signal. We used this to measure the concentration of unbound fluoresceinterminated ligands in a system. To accomplish this, first calibrations were made for each
of the fluorescein-terminated ligands as will be described below, below the calibration
curve of the fluorescein-terminated carboxylic acid is displayed, Figure 3-3.
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Calibration of Fluorescein-Terminated
Sulfate
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Figure 3-3 Calibration curve of fluorescein-terminated sulfate. Calibration curves are used to relate
fluorescence intensity to concentration of fluorescent molecules in the system

All photoluminescence measurements were made on a Perkin Elmer PL 50B. In
accordance to the data sheet received with the fluorescein the excitation wavelength used
was 488 nm, the emissions were then recorded at 518 nm the peak emission of
fluorescein. Eight scans were averaged for each sample with a scan rate set to 400
nm/min. Excitation and emission slits were set at 5 for each system to obtain consistency
among readings. Once again, five standards of known concentrations were made for each
of the fluorescent ligands, 1.5 mL of each standard was placed in a glass cuvette and the
fluorescent intensity was then recorded. The same calibration curves from the monofunctional experiments were not used. New calibration curves were used to ensure
accuracy of experiments. The results were then plotted as concentration verses intensity
and a linear regression was fit to the data with Y intercept set at zero producing an
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equation relating intensity of photons emitted to concentration of ligands in the system.
This equation would be used in the following titration experiments to track attachment
and detachment of ligands on the surface of gold nanoparticles.
3.2.5.1 Gold	
  Quenching	
  Experiments	
  

As mentioned previously, the first method used for tracking binding of ligands is
to titrate gold nanoparticles into a system of fluorescein-terminated ligands. This was
completed for two reasons; the first being to confirm the theory of quenching of
fluorescence by gold as ligands attach to the particles and the second to compare the
binding of each ligand onto gold particles. A known concentration of fluoresceinterminated ligands was placed in a glass cuvette, the sample was excited at 488 nm and
the intensity of was recorded at 518 nm. Then 50 µL of AuNPs was added to the solution
and fluorescence intensity was recorded. This process was then repeated until no
fluorescence signal was seen or until the cuvette reached capacity. This was completed
for each of the fluorescein-terminated ligands. The resulting intensities were then
converted into nmol of free fluorescent ligands in the system using the equations
previously determined from calibration series. Results were then plotted as concentration
of free ligands verses surface area of gold nanoparticles.

Upon completion of the titration experiment of gold the sample was further tested
to determine if binding of fluorescent ligands took place. This was done is several ways.
The first was that the sample was placed in the UV-Vis and the absorbance spectrum was
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recorded from 700-300 nm. Attachment of the new ligand results in a shift in the peak
emission. Following UV-Vis, a portion of the sample was transferred to a zeta cell. DLS
and Zeta potential measurements were then made on the sample again a shift in peaks
indicated binding of fluorescent ligands.
3.2.5.2 Competitive	
  Binding	
  of	
  Bi-‐functional	
  Ligands	
  	
  

As with the experiments from Chapter 2, the titration experiments were
carried out starting with a known amount of fluorescein-terminated ligand (approximately
3-5 nmol/mL) and a known amount of AuNPs (approximately 42 nmol). A fluorescent
intensity was then measure at this time. A known concentration of Bi-functional ligand
was then titrated in and the fluorescent intensity was recorded. This series differed from
the previous one in that higher concentrations of competitive ligands were used and the
experiment was carried out until what appeared to be equilibrium was reach or once again
the cuvette was at capacity. When referring to equilibrium it is meant that fluorescence
intensity is not changing with the addition of more incoming ligand. The higher
concentrations were used to determine if a larger presence of competing ligands would
drive more ligand exchange. Once again the same theory was applied, that as the
fluorescent ligands were displaced by the incoming competing ligand an increase in
fluorescent intensity would be observed. The intensities were converted to concentration
of free fluorescent molecules in the system using the calibrations created prior. The
titration series consisted of twenty-five experiments each of the five fluorescently
terminated ligands had an amine terminated- thiol, carboxylic acid, sulfate, alcohol, and
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amine titration. This allowed for a comparison of each functional group to the other four
as well as to its self. Further more, a comparison to the data collected in chapter two
shows the effect of having bi-functional ligands verses mono-functional ligands. Results
were displayed as a relationship between concentration of free fluorescent ligands and
concentration of total fluorescent ligands in the system verses concentration of amine
terminated ligands added to the system.
3.2.6

Modeling of Data at Low Concentrations

Attaching functional molecules via ligand exchange on the surface of gold
has been described to as an “SN2-like” mechanism, as discussed previously. The ratio of
bound and unbound competing ligands can be described using a K value as shown below.
It is assumed that during the experiments there are more fluorescein-terminated and
mono-functional ligands then binding sites on gold. Thus all ligands are competing for
binding sites on AuNPs, which creates an exchange mechanism as displayed below,
Equation 3-1. In these experiments the bi-functional ligand (Lf) is introduced to the
system with bound fluorescein-terminated ligands (Fb) as the bi-functional ligand
displaces a fluorescein-terminated one it becomes bound to the AuNP, represented by Lb
and the fluorescein-terminated ligand is then free in the system represented by Ff.
!! + !!

!

!! + !!

Equation 3-1 Ligand exchange mechanism

The following equations, Equation 3-2 and Equation 3-3 are used to determine the
equilibrium constants of the competing ligands at low concentrations:
!!
!!

=

!! [!! ]
!! [!! ]

Equation 3-2 Competitive binding exchange equilibrium constant calculation
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!!
!!

=!

Equation 3-3 Ratio of equilibrium constants

Where [Ff] is the concentration of free fluorescein-terminated ligand in the system, [Fb] is
concentration of fluorescein-terminated ligand bound to the surface of gold, [Lf] is the
concentration of free bi-functional ligand in the system, [Lb] is the concentration of bifunctional ligand bound to the surface of gold, KL is the binding constant of the bifunctional ligand and KF is the binding constant of fluorescein-terminated ligand. We
define K as a ratio of KL over KF. The data is computed with the following assumptions:
!! = !! + !!

Equation 3-4 Relationship of fluorescein-terminated ligands in

system
!! = !! + !!

Equation 3-5 Relationship of total incoming ligands in system

!! = !! Equation 3-6 Relationship between fluorescein-terminated ligands and incoming ligands

Where FT and LT are the total moles of the ligands in the system respectively. The moles
of fluorescein-terminated ligands remain constant through out the experiments so
Equation 3-4 is justified. By measuring the fluorescent intensity in the system a
concentration of free fluorescein-terminated ligands is obtained. Thus concentration of
bound ligands can then be computed. In this modeling it is assumed that ligand
replacement follows a 1:1 ratio, that is for each fluorescein-terminated ligand displaced
from the surface of the AuNP one bi-functional ligand attaches, thus Ff = Lb.
This modeling can only be used to compute the K value at low
concentrations of incoming ligand. This study uses a gross excess of incoming ligand to
determine the effect of concentration on ligand displacement. Equation 3-2 uses a ratio of
concentrations to determine the K value. K values computed for concentrations of
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incoming ligands that are greater than ten times that of the bound ligand would result in
skewed data. As well, this modeling does not take into account the different binding sites
on the surface of gold, different binding sites can posses different equilibrium constants
as a result of differences in exchange kinetics. The equilibrium value, K value, calculated
is represented as an average over the system of AuNPs. The particles being used are
referred to as “bare” particles because no additional functionalization has been
performed. Bare particles have a citrate coating from they synthesis process. Citrate is
known to be easily displaced from the surface of gold nanoparticles, therefore in this
study the presence of citrate is assumed to have no effect on the competitive binding. All
measurements were made at steady state; relative equilibrium was believed to be reached
within seconds of the addition of the ligand.
3.3

Results

Below in

Table 3-2, the K values calculated using Equation 3-2 at low concentrations of
incoming bi-functional ligands is displayed. Compared to Table 2-5 Calculated K-values
from mono-functional ligand studies. K-values closer to 0 represent strongly bound
fluorescein-terminated ligands to the surface of gold. K-values closer to 1 represent
weaker bound fluorescein-terminated ligands. The K values calculated are much lower in
this study. Figure 3-4 to Figure 3-8 display the results of the titration series of incoming
bi-functional ligands as they displace fluorescein-terminated ligands on the surface of
gold nanoparticles. Results are presented as % free fluorescein-terminated ligands in the
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system. Values were based on fluorescence intensity observed after titration.
Fluorescence intensity was related to concentration of ligands with the use calibration
curves previously conducted. Moles of ligands in solution were then converted to a
percentage based on the amount of total fluorescein-terminated ligands in solution. Table
3-3 shows the hierarchy of ligands based upon K-values calculated at low concentration.
Values were then normalized to highest value to ease comparison. Strongest to weakest
incoming ligands are listed from top to bottom in first column; higher values mean a
better incoming ligand. Bound ligand hierarchy is listed as weakest to strongest going
from left to right in the first row, lower values represent stronger bound ligands.

NH2-SH
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NH2-NH2
NH2-SO3NH2-COOH

Bi-Functional Competiting Ligands
vs Flurescein-Terminated SH
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Figure 3-4 Displacement study of incoming bi-functional ligands vs fluorescein-terminated SH bound
to the surface of gold nanoparticles. Results displayed as % free fluorescein-terminated SH as a
function of incoming ligand concentration.
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Figure 3-5 Results from displacement study of incoming bi-functional ligands vs fluoresceinterminated OH bound to the surface of gold nanoparticles. Results displayed as % free fluoresceinterminated OH as a functional of incoming ligand concentration.
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Figure 3-6 Displacement study of incoming bi-functional ligands vs fluorescein-terminated SO3bound to the surface of gold nanoparticles. Results displayed as % free fluorescein-terminated SO3as a function of incoming ligand concentration.
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Figure 3-7 Displacement study of incoming bi-functional ligands vs fluorescein-terminated COOH
bound to the surface of gold nanoparticles. Results displayed as % free fluorescein-terminated
COOH as a function of incoming ligand concentration.
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Figure 3-8 Displacement study of incoming bi-functional ligands vs fluorescein-terminated NH2
bound to the surface of gold nanoparticles. Results displayed as % free fluorescein-terminated NH2
as a function of incoming ligand concentration.
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Ligand
NH2-Fl SH-Fl COOH-Fl SO3--Fl OH-Fl
SH-NH2
0.093 0.001
7.25e-4
5.99e-4
0.028
OH-NH2
0.002 0.000
2.56e-6
8.6e-5
1.52e-5
NH2-NH2
0.000 0.000
3.31e-6 4.12e-5 0.3.36e-4
—
SO3 NH2
0.002 0.000
0.000
0.000
9.46e-5
COOH-NH2 3.7e-4 0.000
1.308e-5 2.09e-5
0.00

Table 3-2 K-values calculated for incoming bi-functional studies. K-values were calculated at low
concentration (approximately 5 nmol) similar to the concentration used to calculate K-values in the
mono-functional study.

Ligand
NH2-SH
NH2-NH2
NH2-OH
NH2-SO3
NH2COOH
Total

COOH-Fl NH2-Fl
OH-Fl
SO3-Fl
SH-Fl
Total
100
63.53
13.28
12.96
4.35
194.14
16.14
4.22
3.82
0.41
0.32
24.92
10.56
3.47
0.52
3.82
0.13
18.50
7.25
7.94
2.21
0.89
0.14
18.46
9.09
3.97
0.17
0.15
0.02
13.42
143.05

83.14

20.02

18.25

4.98

Table 3-3 Hierarchy of ligands based upon K-values calculated at low concentrations. K-values were
then normalized to the highest value. Strongest to weakest incoming ligands are listed from top to
bottom, bound ligands listed weakest to strongest left to right

3.4

Discussion

As mentioned above, the K values for this data can only be computed for low concentrations
of incoming ligand. This is because the model used calculates K-value based upon concentrations of
free versus bound ligands and with the use of greater than ten times the concentration of incoming
ligands there is a gross excess of available ligands to possible binding sites. So calculations done at
higher concentrations of incoming ligands would drastically affect the K-value and in result be very
low. Values calculated at high concentrations are not comparable to that of the mono-functional data
displayed in chapter 2. Thus the, K-values were computed for low concentration (approximately 5.0
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nmol) in the bi-functional studies and not the whole titration series. Comparing the K-values from
the mono-functional data to those displayed in

Table 3-2, shows that the K-values for the bi-functional data are much lower than those
observed in the mono-functional study. The results from this bi-functional data suggest
that displacement of fluorescein-terminated ligands from the surface of gold
nanoparticles happen at very low percent with lower concentrations of incoming ligands.
This could be due to a slight difference in concentration of incoming ligands between the
two data sets, approximately 1 nmol. The bi-functional titrations were conducted with
slightly higher concentrations of incoming ligands than that of the mono-functional study.
However, the most likely explanation for the differences in the data sets is the use of
different gold nanoparticles. As discussed in the first chapter, it is difficult to compare
results from one study to another because of the effect that the nanoparticles have on
ligand exchange. Age and thermal history are important factors on the reactivity of gold
nanoparticles. Chechik et. al. have shown that the longer particles age the less reactive
they become[57]. To allow for a direct comparison of these data sets the experiments
would need to be conducted with the same batch of particles, with in hours or each other.
However, this would be difficult without the use of multiple instruments.

The bi-functional studies were done on particles that we allowed to age for two
weeks. This was done in an attempt to alleviate any error from one titration series to
another. Based on the study by Chechik et. al. the difference in reactivity between 0 and
30 hours is much more distinct than the difference between 73 to 146 hours. By allowing
the particles to age for two weeks, significant difference in reactivity between titration
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series would be avoided. The mono-functional studies were done one day after making
gold nanoparticles, according to the previously mentioned study these gold nanoparticles
were more reactive, than the bi-functional gold nanoparticles. The reduction in reactivity
could account for the difference between calculated K-values in the two studies. A direct
comparison of K-values cannot be conducted however; some similarities exist in the
trends of the data. The mono-functional data showed that the weakest binding ligands
were the fluorescein-terminated alcohol and amine, this was determined again in the bifunctional data. Bi-functional results for binding hierarchy is seen in Table 3-3. It is also
seen that the fluorescein-terminated thiol is displaced very little by any competing ligand
besides the thiol, in the mono-functional data the fluorescein-thiol was determined to be
the best binding. Similar trends were not seen between the data for the incoming
displacing ligands. The only main differences between the two hierarchies are the results
from the fluorescein-terminated OH, which performed better than the carboxylic acid and
amine ligands in the bi-functional studies.

Differences are also seen between the performances of the incoming ligands,
results can once again be found in Table 3-3. The higher concentrations used in the bifunctional study are expected to affect the total performance of a ligand, for now
comparison to the mono-functional ligand hierarchy will be the focus. Recall in the
mono-functional studies that the mono-functional hierarchy was determined to be
carboxylic acid, amine, thiol, diamine, alcohol and sulfate. Since the amine was the
second strongest incoming ligand determined in these studies, it was anticipated that
besides the carboxylic acid-amine bi-functional ligand, all other ligands would perform
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very similarly. This would be cause by the strong amine functional group being the
dominant displacing function. However, contrary results are found. The thiol-amine
ligand was by far the best displacing ligand. This is seen in Figure 3-4 through Figure
3-8. In all of these titration series the thiol consistently displaced the most fluoresceinterminated ligands. Following the thiol-amine, the next strongest was the diamine ligand
as expected. It could be argued that the rest of the hierarchy could not be compared and
that all displacement by the rest of the bi-functional ligands would be cause by the strong
amine functional group. However, a difference is seen between the performances of these
ligands. In Figure 3-8 these differences are minimal and the argument that the amine
functional group is doing all the displacement could be made. In Figure 3-4 and Figure
3-7, differences between the displacements is observed and as seen in Figure 3-5 and
Figure 3-6, major differences can be seen between the incoming ligands. These results
suggest that the amine is not dominating all the exchange reaction and that the other
functional group does play a role.

As mentioned the bi-functional studies had greater then ten times the molar
concentration of incoming competing ligands than the mono-functional studies. It would
be expected that an increase in concentration would result in an increase in displacement.
This is due to two reasons, first more ligands are available for displacement and secondly
a higher concentration would drive the reaction in a “SN-2” like mechanism. However,
this is not always observed in the data. In the case of the fluorescein-terminated thiol,
alcohol, and sulfate the mono-functional ligands generally displaced higher percentages
of ligands than the bi-functional ligands did. In only two studies, seen in Figure 3-7 and

76

Figure 3-8, the maximum displacement of fluorescein-terminated reached 50%. This was
a surprising result it would be expected that the higher concentrations would cause much
higher displacement values. This data is consistent with the data of the mono-functional
studies, which suggest that the exchange mechanism is not dependent entirely on the
incoming ligand but also on the bound ligand. As well the exchange is not dependent on
the concentration of incoming ligands. Suggesting once again a combination of “SN-2”
and “SN-1” like mechanisms.
3.5

Conclusions

The studies performed in this chapter verified several beliefs about gold
nanoparticles and ligand exchange. Most importantly it was observed that the
experimental conditions greatly affect ligand exchange studies. The most prevalent
example is the aging of particles. As gold nanoparticles age they become less reactive.
The particles in this study were allowed to age two weeks prior to use were as the
particles used in the mono-functional studies were only aged for one day. The decrease in
reactivity is confirmed by the decrease in displacement of bound ligands by the ethylene
diamine. Ethylene diamine was used in both the mono-functional study and the bifunctional study. Generally a decrease in displacement was seen in the bi-functional
studies, which is consistent with the reduction of reactivity by the aged particles.

The data collected could not allow for a direct comparison of K-values between the
mono-functional and bi-functional study. However, trends could be seen between the two
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data sets that allowed for comparison of the binding strength of the fluoresceinterminated ligands. With the exception of the fluorescein-terminated alcohol the results
found for binding strength of ligands was consistent with that found in the monofunctional study. The strength of displacing ligands however provided very interesting
results that were not expected. It was expected that with the exception of the carboxylic
acid-amine the displacement of fluorescein-terminated ligands by the bi-functional
ligands would all be very similar. This would be due to the dominant role of the strong
amine functional group. However, it is observed that the thiol-amine displaced the most
ligands. As well, the displacements of the other bi-functional ligands were not all
identical. Suggesting that the amine functional group was not the only displacing
functionality. Bi-functional ligands provided a much more complex system causing
different results then seen in the mono-functional study.

The following chapter discusses the use of two-dyes to track ligand exchange. The
use of two-dyes allows for an accurate tracking of both the bound and then incoming
ligand. In these experiments two sets of ligands are used, one being fluoresceinterminated as in the past two studies and another set being rhodamine-terminated. The
two-dye system will utilize the quenching of fluorescence by gold. The data will be
compared to that of the previous two studies, at the end resulting in a hierarchy of
binding and displacing ligands, as well as a better understanding of the exchange
mechanisms associated with ligand exchange.
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Chapter 4 Utilizing Two-Dye System for in situ Measurement of
Ligand Exchange
4.1

Introduction

In the previous sections FRET used to track the attachment or detachment of a
single fluorescent molecule. The attachment of fluorescein-terminated ligands to the
surface of gold nanoparticles was tracked by monitoring the decrease in fluorescence
intensity as gold was titrated into a system. In these experiments it was concluded that as
a fluorescein-terminated ligands displaced a citrate ligand the energy produced by a
fluorescent molecule would then be transferred into the surface of the gold particles and
no fluorescence emissions would be seen. The other way this phenomena was utilized
was to track the increase in fluorescence intensity as fluorescein-terminated ligands were
displaced from the surface of gold by incoming competing ligands. In these experiments
it was assumed that as a competitive ligand displaced a fluorescein-terminated ligand
from the surface of gold an increase in the emissions spectrum of fluorescein was
observed. Expanding upon this idea and creating a more complex system could result in a
more accurate system for monitoring ligand exchange. In this chapter the use of two dyes
in a system is introduced. In utilizing two-dyes attachment and detachment of ligands can
be more accurately monitored. In the previous work it was assumed that as one
fluorescein-terminated ligand was quenched one citrate molecule was displace or that one
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competitive ligand displaced one fluorescein-terminated ligand. In this new system gold
nanoparticles with fluorescein-terminated ligands saturating the surface will have
rhodamine-terminated ligand titration series. By exciting the system at the corresponding
wavelengths and scanning a range of emissions spectra the attachment of rhodamineterminated ligands along with the detachment of fluorescein-terminated ligands can be
directly monitored with fluctuations in fluorescence intensity of both dyes.

For these experiments rhodamine was used as the second dye. Like the
fluorescein dye, this dye could be purchased with a NHS functional group for ease of
synthesis. This dye was also chosen because previous studies have demonstrated that
rhodamine is quenched by gold nanoparticles[105, 106]. Recently, a study by Peteanu et.
al. investigated the wavelength distance dependence on the effect of quenching of
fluorescence by gold nanoparticles[83]. It was found that with 4 nm gold nanoparticles
the quenching efficiency decreases with increasing wavelength. The most efficient
quenching occurring where the absorbance and emission spectrum of the gold
nanoparticles and the dye overlap. This was also reported by Johnson et. al. where most
efficient energy transfer occurs when the donor fluorescent spectrum overlaps that of the
absorption spectrum of gold, approximately 400-700nm[66]. As mentioned in the
introduction, FRET can work in two possible ways, one being the quenching of light by
absorbing the emitting photon into the surface of a metal and the other being an
enhancement of emission of another dye. In the second mode a donor molecule will
transfer its energy to another dye and enhance the intensity of the light being emitted by
that molecule. To avoid energy transfer between the two dyes, the absorbance spectrum

80

of the second dye cannot overlap the emissions of the fluorescein-dye. With both these
criteria in mind a dye was needed that would emit between 400-700nm but does not
absorb above approximately 545 nm. Rhodamine fit both these criteria as its absorption
and emission peaks are 552 nm and 575 nm compared to fluorescein which absorption
peak is 488 nm and emission peak is 518 nm.

4.2

4.2.1

Experimental

Materials

The materials used were: Dimethyl sulfoxide 99+% from Alfa Aesar 20x Borate
Buffer 1x=50mM from Thermo Scientific Magnesium Sulfate anhydrous powder from
Allinckrodt Chemicals Tetrahydrofuran ACS Grade, Stabilized with BHT from BDH,
Cysteamine 98% from Sigma Life Sciences, β-alanine 99% from Fluka Analytical,
Ethanolamine 99.5% from Sigma Aldrich, Ethylenediamine 99% from Sigma Aldrich,
NHS-Fluorescein from Thermo Scientific, NHS-Rhodamine from Thermo Scientific
Taurine 99% from Sigma Life, Sodium citrate dehydrate 99% from Sigma Aldrich,
Sodium borohydride 99% from Fluka Analytical, Gold (III) Chloride Trihydrate 99.9%
from Sigma Chemistry. All materials were used without any further purification.

4.2.2

Gold Particle Synthesis

Gold particles of sizes 5-10 nm were targeted for these experiments, to ensure
uniformity in the study a bulk batch of uniform size particles was used. A popular method
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for creating smaller particles was developed by Frens et al.[30, 31] This method calls
upon borohydride as a strong reducing agent of gold salt in the presence of capping agent
to produce 1-5 nm particles depending on the concentration of the capping agent. Citrate
was utilized as a capping agent because it binds weakly to gold and can be readily
displaced causing no interference with binding of other ligands[43-45].

Briefly, 50 mL of DI water was combined with 0.25 mM (250µL) of the stock
solutions of both sodium citrate and Au salt (HAuCl4), this was stirred in a 100 mL
Erlenmeyer flask via a magnetic stir bar while 0.05 M solution of freshly made sodium
borohydride was chilled on ice for 5 minutes. It was important to use fresh sodium
borohydride solutions for each reaction. 500 µL of the ice cold, sodium borohydride
solution was then added to aqueous salt solution via micro pipet, instantly the solution
turned pink indicating that the particles were being formed. This was then allowed to stir
for 15 minutes to allow for growth of particles. Particles were then purified by dialysis
against aqueous solution with 12,000-14,000 molecular weight cut off by Spectrum, for
24 hours. In this process sodium borohydride was the reducing agent and the sodium
citrate was used as a stabilizing agent. Reaction was carried out at room temperature
since citrate does not act as a reducing agent at this temperature

4.2.3

Gold Particles Characterization

Studies have shown that difference in aging history can affect the reactivity of the
particle[57]. As well, differences in size and shape can have an influence on binding sites
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of AuNPs[51]. To insure an accurate comparison from one experiment to another it was
imperative that the particles where fully analyzed and that the same batch was used.
Transmission electron microscopy imaging, Dynamic Light Scattering (DLS), Zeta
potential, UV-Vis and Mass spectrometry-inductively coupled plasma (MS-ICP) were
conducted on the gold particles. These experiments were conducted using a different
batch of nanoparticles than the mono-functional ligands so some discrepancies in data are
expected. However, these particles were fully characterized as the previous ones.

4.2.4

Fluorescein-Terminated Ligand Synthesis

As previously mentioned, for this study five common ligands were used. They
were chosen to compare their functional group’s binding strength on the surface of gold
relative to one another. The five ligands used were cysteamine (thiol), taurine (sulfate),
ethanolamine (alcohol), ethylenediamine (amine), and β-alanine (carboxylic acid). For
ease of reading and to avoid any confusion the ligands will now be referred to as their
functional group. Structures of these ligands can be seen in Table 4-1 Common name,
functionality and structure of ligands being reacted with fluorescent- dye molecules as
well the below described synthesis can be seen schematically in Figure 4-1. As can be
seen, each of the ligands being used have an amine functionalized end group. The
fluorescent molecule being used to tag the ligands is Fluorescein-NHS, where NHS
stands for N-hydroxysuccinimide. It is well known that NHS molecules will readily react
with primary amines[45, 102-104]. For this reason the previously mentioned ligands were
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chosen for reaction. Utilizing NHS chemistry the amine group readily replaced the NHS
group on the dye.

Name

Cysteamine

Taurine

Ethanolamine

Ethylenediamine

Functional
ity
Chemical
Structure

SH

SO3-

OH

NH2

ΒAlanine
COOH

Table 4-1 Common name, functionality and structure of ligands being reacted with fluorescent- dye
molecules

Figure 4-1 Reaction of NHS-fluorescein and amine functional ligands

The reaction was carried out in a solution of 8 mL of anhydrous dimethyl
sulfoxide (DMSO) and 2 mL of 50 mM borate buffer. DMSO was dried using anhydrous
magnesium sulfate. In the thiol reaction a 5:1 stoichiometric ratio of aminoethanethiol to
NHS-fluorescein was used to ensure that all fluorescein was reacted. Fluorescein-NHS
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was dissolved in the DMSO and allowed to stir for an hour under nitrogen purge.
Meanwhile the aminoethanethiol was dissolved in a 50 mM borate buffer. After which
the aminoethanethiol solution was slowly added to the fluorescein solution and allowed 2
hours to react. The ligands were then extracted from the DMSO solution using
tetrahydrofuran (THF), the product was a combination of both fluorescein-terminated
thiol and unreacted aminoethanethiol. The unreacted molecules were separated from the
fluorescein-terminated thiol using flash chromatography. Flash chromatography is a
common separation technique where a compound is passed through a column filled with
a stationary phase (generally silica). The compound is passed through the column with
different eluents causing the different components of the compound to separate and leave
the column at different times. Flash chromatography expedites the process by applying
pressure via nitrogen gas to decrease eluent time. Samples were wet loaded into the
column with ethanol. For this study the stationary phase used was a Silica 60 Å gel 250425 mesh purchased from Sigma Aldrich and the eluent was a 70/30 solution of
hexanes/ethanol, this removed any unreacted aminoethanethiol. The column was then
flushed with ethanol to remove any residual hexanes, followed by DI water to remove the
pure fluorescein-terminated thiol ligands. Purity was confirmed using Fourier transform
infrared spectroscopy (FT-IR), this was done using attenuated total reflectance (ATR).
When all of the aminoethanethiol was removed from the system no primary amine peaks
would be visible in the FT-IR spectrum. When a primary amine is present in the system a
sharp peak will be observed in the FT-IR spectrum between 3200-3500 cm-1. When no
peak was observed in this range the ligand was determined to be pure. This can be seen in
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the representative spectrum below, Figure 4-2. Here in black we see pure cysteamine
with a sharp peak at 3400 cm-1, in blue we see the purified fluorescein-terminated thiol,
which does not have this sharp peak. The broad peak seen in this region is from an
alcohol group, which is part of the fluorescein molecule.

Cysteamine
Fluorescein-Terminated Thiol

0.5

Representitive FT-IR Spectrum
of Thiol Purification

Absorbance

0.4
0.3
0.2
0.1
0
-0.1
4000

3500

3000

2500

2000

1500

1000

500

Wavenumber (cm-1)

Figure 4-2 FT-IR spectrum of pure cysteamine (aminoethanethiol) and fluorescein-terminated thiol.

This same procedure was carried out to synthesize the fluorescein-terminated:
sulfate, carboxylic acid and alcohol. The fluorescein-terminated amine was synthesized in
the same manor only with a 10:1 stoichiometric ratio of ethylene diamine to fluoresceinNHS. This was done to since both ends of the ethylene diamine are amine functionalized.
Since the following experiments would require very low concentrations of fluoresceinterminated ligands a stock solutions of known concentrations were made and stored in a
dark UV protected area to avoid any photobleaching over time.
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4.2.5

Rhodamine-Terminated Ligand Synthesis

As previously mentioned, for this study five common ligands were used.
They were chosen to compare their functional group’s binding strength on the surface of
gold relative to one another. The five ligands used were cysteamine (thiol), taurine
(sulfate), ethanolamine (alcohol), ethylenediamine (amine), and β-alanine (carboxylic
acid). For ease of reading and to avoid any confusion the ligands will now be referred to
as their functional group. Structures of these ligands can be seen Table 4-1, as well the
below describe synthesis can be seen schematically in Figure 4-3. As can be seen each of
the ligands being used have a amine functionalized end group. The fluorescent molecule
being used to tag the ligands is Fluorescein-NHS, where NHS stands for Nhydroxysuccinimide. It is well known that NHS molecules will readily react with primary
amines. For this reason the previously mentioned ligands were chosen for reaction.
Utilizing NHS chemistry the amine group readily replaces the NHS group on the dye.
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Figure 4-3 Reaction of NHS-Rhodamine and amine functional ligand

The reaction is carried out in a solution of 3 mL of Dimethylformamide
(DMF) and 2 mL 50 mM borate buffer. In the thiol reaction a 5:1 stoichiometric ratio of
thiol to NHS-Rhodamine was used to ensure that all rhodamine was reacted. NHSRhodamine was dissolved in the DMF and allowed to stir for an hour under nitrogen
purge. Meanwhile the thiol was dissolved in a 50 mM borate buffer. After which the
rhodamine solution was slowly added to the thiol solution and allowed 2 hours to react
under nitrogen head. The ligands where then removed from the DMF borate buffer
solution by adding 3A molecular sieves to the solution and allowing an hour to dry the
solution. The solution was then vacuum filtered to remove molecular sieves. Now that the
DMF solution was dry the ligands could be crashed out of solution using ethyl ether, the
product was a combination of both rhodamine-terminated thiol and unreacted cysteamine.
The unreacted molecules were separated from the rhodamine-terminated thiol by washing
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with ethyl ether five times, which is to add ethyl ether to the solution and then centrifuge
for 20 minutes at 10000 rpm. Purity was then confirmed via Nuclear Magnetic Resonance
(NMR). NMR performed was proton NMR and samples were in deuterated water (D2O).
In the spectrum for the rhodamine-terminated amine, below in Figure 4-4, peaks can be
seen at 1.0, 2.5, 3.1, 3.4 and 4.1. The peak at 1.0 comes from the CH3 groups in the
rhodamine dye. The peaks at 2.51 and 3.1 are assigned to the CH2 groups in the diamine
ligand. The peak at 3.4 is associated with the solvent and the peak at 4.1 is amine
functional group. The spectrum for ethylenediamine only has two peaks around 2.9, this
is because ethylenediamine is a symmetric molecule and the environments of the CH2
groups are identical as well as the NH2 groups. When attaching a rhodamine-dye to the
ligand the environment of the molecules in the ligand change creating more peaks. This is
observed as two peaks are now seen for the two CH2 groups in the molecule. As well
there is an substantial shift of the NH2 peak to 4.1. This same procedure was carried out
to synthesize the rhodamine-terminated: sulfate, carboxylic acid and alcohol. The
rhodamine-terminated amine was synthesized in the same manor only with a 10:1
stoichiometric ratio of ethylenediamine to rhodamine-NHS. This was done since both
ends of the ethylenediamine are amine functionalized. Since the following experiments
would require very low concentrations of rhodamine-terminated ligands stock solutions
of known concentrations were made and stored in a dark UV protected area to avoid any
photobleaching over time.
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Figure 4-4 NMR spectrum of rhodamine-terminated amine.

4.2.6

Photoluminescence Spectroscopy

Photoluminescence spectroscopy, also known as fluorescence spectroscopy, is
technique that analyzes the fluorescence of a sample. When in the visible spectrum, this
is done by using a beam of ultraviolet light to excite electrons in a molecule to a higher
energy state, the electrons then return to ground state by emitting photons. The intensity
of the photons emitted is recorded by the spectrometer. The theory used for this study is
that the intensity of the photons emitted can be related to the concentration of molecules
in the system. Hence, the more molecules being excited create more photons thus a
stronger signal. We used this to measure the concentration of unbound fluoresceinterminated ligands in a system. To accomplish this, first calibrations were made for each
of the fluorescein-terminated ligands as will be described below, calibration curve of the
fluorescein-terminated carboxylic acid can be seen in Figure 4-5.
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Figure 4-5 Calibration curve for fluorescein-terminated carboxylic acid. Calibration curves were
used to relate fluorescence intensity to concentration of free fluorescein-terminated ligands in the
system

All photoluminescence measurements were made on a Perkin Elmer PL 50B. In
accordance to the data sheet received with the fluorescein the excitation wavelength used
was 488 nm, the emissions were then recorded at 518 nm the peak emission of
fluorescein. Eight scans were averaged for each sample with a scan rate set to 400
nm/min. Excitation and emission slits were optimized for each system to obtain most
accurate readings. Once again, five standards of known concentrations were made for
each of the fluorescent ligands, 1.5 mL of each standard was placed in a glass cuvette and
the fluorescent intensity was then recorded. The results were then plotted as
concentration verses intensity and a linear regression was fit to the data with Y intercept
set at zero producing an equation relating intensity of photons emitted to concentration of
ligands in the system.
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Calibrations were also made for the rhodamine-terminated ligands. These
calibrations were conducted in the same manner as the fluorescein-terminated ligands,
using excitation and emissions that coincide with the rhodamine dye. Measurements were
conducted on a Perkin Elmer LS 50B, with the excitation beam of 552 nm and emissions
were monitored at 575 nm. Five standards were used and the results were plotted as
intensity observed verses concentration of rhodamine-terminated ligands. The data was
then fit to a linear regression, which was fit with an equation. These equations would be
used in the following titration experiments to track attachment and detachment of ligands
on the surface of gold nanoparticles. The calibration curve for the rhodamine-termianted
amine is displayed below in Figure 4-6.
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Figure 4-6 Calibration curve for rhodamine-terminated amine. Calibration curves were used to
relate fluorescence intensity to concentration of rhodamine-terminated ligands free in solution
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4.2.6.1 Two-‐Dye	
  Competitive	
  Binding	
  Study	
  

The method used to compare the binding of the five ligands as in the
previous chapters was a direct competitive binding study. This was performed by having
an initial system of gold particles and fluorescein-terminated ligands and then titrating in
a known concentration of rhodamine-terminated ligands. Each of the fluoresceinterminated ligands had a rhodamine-terminated thiol, sulfate, amine, alcohol and
carboxylic acid titration series conducted. In this study the starting concentration of the
fluorescent ligands were essentially equivalent (approximately 3.8 nmol/mL). A starting
volume of 1.3 mL of fluorescein-terminated ligand (approximately 4.9 nmol) with 0.3
mL of AuNP (42 nmol) was used for all experiments. An initial measurement of
photoluminescence intensity was measure at this point. A photoluminescence signal was
measured meaning that there were free fluorescent ligands in the system. This provided
the assumption that all AuNP binding sites were occupied by fluorescein ligands. The
competing rhodamine-terminated ligand was then titrated in 0.2 mL at a time
(approximately 15 nmol), intensity being measured after each titration, until a total of 1.0
mL of the rhodamine-terminated ligand had been added. The theory behind these
experiments was that as rhodamine-terminated ligands replace fluorescent ones on the
surface of gold an increase in the fluorescent intensity would be seen. As well the
intensity of rhodamine-terminated ligand was tracked to monitor the binding of ligands.
These results were then converted to nmol of free fluorescent ligands in the system, both
fluorescein and rhodamine terminated ligands, and plotted to obtain a comparison for the
five functional groups being investigated. This titration series consist of twenty-five
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experiments each of the five fluorescein-terminated ligands had a rhodamine-terminated
thiol, sulfate, amine, alcohol, and carboxylic acid titration. This allowed for an accurate
comparison of each functional group to the others along with to itself. The fluorescent
measurements made after each titration of rhodamine-terminated ligands were conducted
by first exciting at 488 nm to determine the intensity of fluorescein-terminated ligands
free in the solution, and then exciting at 552 nm to determine the concentration of free
rhodamine-terminated ligands in the system.
4.3

Results

Below Figure 4-6 to Figure 4-11 plot the change in free fluorescein-terminated
ligands as rhodamine-terminated ligands are introduced to they system. Values are based
on percent of total fluorescein ligand in the system, which remains constant through out
the experiments. Values were determined by relating fluorescence intensity of fluorescein
as incoming ligands were added to the system. The fluorescence intensity was then
converted to nmols of free ligands using calibration curves. Error! Reference source not
found. displays the total displacement of fluorescein-terminated ligands by each
rhodamine-terminated ligand. Values were then summed and averaged to obtain a
ranking for hierarchy of ligands based on percent displacement. Column 1 displays the
strongest to weakest incoming ligand from top to bottom, while row 1 displays
fluorescein-terminated ligands bound to gold from weakest to strongest, left to right.
Figure 4-12 shows the calculated bound rhodamine-terminated ligand based on the
observed fluorescence intensity versus the amount added. The difference between the two
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should represent amount of rhodamine-terminated ligands free in solution, the value is
observed experimentally. Results were obtained by averaging results for each rhodamineterminated ligand, error bars represent standard deviation. Figure 4-13 is a contour plot
for the percent displaced fluorescein-terminated ligands by incoming rhodamineterminated ligands. Plot is used to determine hierarchy.
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Figure 4-7 Change in free fluorescein-terminated thiol with the addition of rhodamine-terminated
ligands
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Figure 4-8 Change in free fluorescein-terminated amine ligands with the addition of rhodamineterminated ligands
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Figure 4-9 Change in free fluorescein-terminated carboxylic acid with the addition of rhodamineterminated ligands
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Figure 4-10 Change in free fluorescein-terminated alcohol with the addition of rhodamineterminated ligands
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Figure 4-11 Change in free fluorescein-terminated sulfate with the addition of rhodamine-terminated
ligands
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Ligand	
  
Fl-‐OH	
   Fl-‐SO3	
   Fl-‐NH2	
   Fl-‐SH	
   Fl-‐COOH	
   Total	
  Displacement	
  
Rh-‐SH	
  
24.53	
   11.00	
  
9.33	
   10.66	
  
7.63	
  
63.14	
  
Rh-‐COOH	
  
22.91	
   10.46	
   13.15	
   4.95	
  
7.08	
  
58.55	
  
Rh-‐NH2	
  
26.62	
  
8.61	
   10.09	
   2.22	
  
5.50	
  
53.04	
  
Rh-‐SO3	
  
21.63	
   15.23	
  
6.37	
   5.12	
  
3.86	
  
52.21	
  
Rh-‐OH	
  
19.96	
  
6.16	
  
7.47	
   14.51	
  
2.33	
  
50.42	
  
Total	
  	
  
115.64	
   51.47	
   46.39	
   37.46	
  
26.41	
   	
  
Displacement	
  
Average	
  	
  
23.13	
   10.29	
  
9.28	
   7.49	
  
5.28	
   	
  
Displacement	
  
Table 4-2 Percent of fluorescein-terminated ligand displaced by rhodamine-terminated ligand at
concentration of approximately 50 nmol. Results were summed to obtain hierarchy of incoming and
binding ligands.
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Figure 4-12 Displays average rhodamine-terminated ligand observed verse amount added to the
system.
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Figure 4-13 Contour plot of percent displaced fluorescein-terminated ligand by incoming rhodamineterminated ligand.

4.4

Discussion

The goal of this study was to determine if a two-dye system could be used to
monitor the attachment and detachment of ligands on the surface of gold nanoparticles.
As well, this study provides more data for the comparison of competitive binding of
ligands on the surface of gold nanoparticles. As determined in chapter 2, the exchange of
ligands on gold nanoparticles is not only dependent upon the incoming ligands but also
on those already bound to the surface, for that reason the data collected will be discussed
as strength of bound ligands initially in the system and strength of displacing ligands as
well as the effectiveness of the two dye system. In this study a gross excess of incoming
ligand was use. This was done to see if all fluorescein-terminated ligands could be
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replaced on the surface of gold nanoparticles. Error! Reference source not found. show
the percent displacement of fluorescein-terminated ligand by the rhodamine-terminated
ligands. The values were calculated using the known amount of fluorescein-terminated
ligands bound to the surface of gold nanoparticles, at the beginning of the study, and
computing the free fluorescein-terminated ligands observed with the addition of
rhodamine-terminated ligands, using calibration curves of intensity verses fluorescent
ligand concentration. The values displayed are the maximum displacement represented as
a percent of total fluorescein-terminated ligands, after approximately 50 nmol of
rhodamine-terminated ligand had been added to the system. These values were summed
and averaged to allow for comparison of binding strength of fluorescein-terminated
ligands on the surface of gold. As can be seen in the total displacement and average
displacement a binding hierarchy can be determined. In this case the lower the value the
stronger binding the fluorescein-terminated ligand is. From this data it is concluded that
the binding strength of fluorescein-terminated ligands in this study can be ranked from
highest to lowest as; carboxylic acid, thiol, amine, sulfate and alcohol.

Error! Reference source not found.is used to compare the incoming ligands as well.
The far right column in Error! Reference source not found. shows the sum of maximum
displacement by rhodamine-terminated ligands. As for the binding strength hierarchy,
this value was calculated using the known concentration of fluorescein-terminated
ligands in the system and the observed fluorescein-terminated ligands free in the system
after approximately 50 nmol of rhodamine-terminated ligand was added in. By summing
the total displacement over the entire the incoming ligands can be ranked from in terms
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of ligand displacement. The hierarchy for displacing strength in this study was
determined to be thiol, carboxylic, amine, sulfate, and alcohol. These results are very
similar to determined binding strength hierarchy.

The major advantage to using two dyes in the system was to be able to monitor
both the attachment and detachment of ligands. This would allow for a better
understanding of the exchange between ligands and if it occurred as a 1:1 ratio. The
experiments were conducted with an initial system of AuNPs and fluorescein-terminated
ligands. The original system would had an initial fluorescence intensity, this intensity
lead to the assumption that the gold nanoparticles were full saturated with fluoresceinterminated ligands. Thus as rhodamine-terminated ligands were introduced into the
system the only way a rhodamine-terminated ligand could attach to the gold nanoparticles
was to displace a fluorescein bound ligand. This same theory was used in the previous
two chapters. The current study shows that as rhodamine-terminated ligands are added to
the system an increase in fluorescein intensity is observed, just as in the previous two
studies. By monitoring the intensity of the rhodamine-ligands it can be seen that this
exchange is not occurring as a 1:1 ratio. As the concentration of rhodamine-terminated
ligands increases the fluorescence intensity observed increases. The difference between
the amount of rhodamine-ligands in the system and that observed is thought to be the
amount of ligands bound to the surface of gold, Figure 4-12. Following previous
assumptions the amount of rhodamine-terminated ligands bound to gold should be
equivalent to amount of free fluorescein-terminated ligands, this data proves otherwise.
The total amount of fluorescein-terminated ligands in the system was approximately 5
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nmol. Figure 4-12, the observed rhodamine-ligands versus the amount in the systems,
subtracting one from another produces values of bound rhodamine-terminated ligands
much higher than 5 nmol. This could be due to a few possibilities. One being that the
surface area of AuNPs was not fully saturated by fluorescein-terminated ligands. This is a
possibility however, based on previous calculations in the second chapter of average
number of ligands bound per nm2 of gold, this seems unlikely. The same concentration of
fluorescein-terminated ligands and gold nanoparticles were used for both studies. The
present data suggest that as much as 40 nmol of rhodamine is bound to the surface gold
nanoparticles. This would suggest that the amount of ligands per nm2 of gold would
roughly be between 40-64 ligands per nm2.

Another, possibility is that the AuNPs have a higher quenching efficiency of
rhodamine than of fluorescein. This theory also seems unlikely, as FRET is distance
dependent on donor emissions and the acceptor absorption spectrums. The emission of
fluorescein and absorbance of gold nanoparticles is much closer than that of the
rhodamine emissions and gold nanoparticle absorbance. A more likely cause for the
difference in observed emissions could be photobleaching of the rhodamine-terminated
ligands. Photobleaching was not seen with the fluorescein-terminated ligands so it was
assumed that there would not be such an effect on the rhodamine-terminated ligands.
Further studies would need to be conducted to determine if this is the cause. This study
suggests that rhodamine is not the best dye to use for this system. The use of a two-dye
system is not implausible and further studies should be conducted using different dyes to
determine the effectiveness of a two-dye system.
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4.5

Conclusions

In this study the idea to use two dyes in a system was introduced. The use of two
dyes allows for tracking not only the displacement of ligands from the surface of gold
nanoparticles as done in previous studies but to simultaneously observe the attachment of
ligands to gold nanoparticles. Ideally this study would lead to the direct observation of
exchange of two ligands. This would lead to a better understanding of the exchange
mechanism of ligands on gold nanoparticles. The system used in this study was
determined to have flaws. The results obtained showed that rhodamine-terminated
ligands were displacing fluorescein-terminated ligands not at the assumed ratio of 1:1 but
at ratios up to two orders of magnitude higher. From this it can be concluded that this
particular dye system used is not reliable, suggesting that the rhodamine dye incurred
photobleaching during the experiments resulting in measured intensities much lower than
expected. Further studies should be conducting using a different dye system. Even though
the tracking of rhodamine-terminated ligands as they attached to gold nanoparticles was
not success, the data is still useful in determining trends in binding strength of ligands on
the surface of gold nanoparticles. This study concluded a binding strength hierarchy, that
is the strength of the fluorescein-terminated ligands bound to the surface of gold
nanoparticles to be carboxylic acid, thiol, amine, sulfate and alcohol. As well, the
hierarchy of incoming ligands, meaning the ligands that displaced the most fluoresceinterminated ligands was determined to be thiol, carboxylic, amine, sulfate, and alcohol.
Comparing the results for the hierarchy determined in all three studies will be conducted
in the conclusions section of this document.
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Chapter 5 Conclusions
In chapter 2 studies were conducted to determine if Fluorescence Resonance Energy
Transfer (FRET) could be utilized to monitor ligand exchange on the surface of gold
particles. This was done by synthesizing five common functional ligands with a
fluorescein molecule. Different stock solutions of known concentrations of these ligands
were made and subjected to photoluminescence spectroscopy. A linear relationship was
determined between the intensity emitted and the concentration of fluorescein-terminated
ligands. This relationship was then used to monitor free fluorescein ligands in a solution
of gold nanoparticles. From this study a decrease in fluorescent emissions was observed
as more nanoparticles were introduced into the system. This study displayed that FRET
could be used to monitor the attachment of ligands onto the surface of gold nanoparticles
with high accuracy. Very small concentrations (on the order of nmols) of fluoresceinterminated ligands were used, which displayed the sensitivity of the fluorescent
measurements. Attachment of the fluorescein-terminated ligands was proved using
several characterization techniques, including DLS, zeta potential and UV-Vis
spectroscopy. By monitoring the decrease in fluorescence intensity and relating it to
concentration the data could be used to determine the number of ligands binding per
surface area of gold nanoparticles. The results yield values of five to eight ligands per
nm2 of gold nanoparticles, values that were consistent with those found in literature[100]
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This theory was then expanded to monitor the displacement of fluoresceinterminated ligands by competing ligands introduced into the system. This was
accomplished by monitoring the fluorescence intensity of a system of gold nanoparticles
with bound fluorescein-terminated ligands, as incoming mono-functional ligands were
introduced to the system. An increase in fluorescence intensity would correspond to the
displacement of fluorescein-terminated ligand from the surface of gold nanoparticles. The
intensity measured could be related to the concentration of free fluorescein-terminated
ligands in the system using the previously determined relationship. In a system with more
ligands than binding site available, a competitive binding environment is created. This
system was evaluated to determine the exchange of ligands on gold nanoparticles. Ligand
exchange on gold nanoparticles has been previously described as a SN-2 like mechanism,
where the exchange is driven by the incoming ligand. It was expected that the results
acquired would be used to determine which incoming ligands displace the fluoresceinterminated ones the best. However, upon analysis of the data there appeared to be a
relationship not only between the incoming ligand used but also a dependence on the
fluorescein-terminated ligand bound to the surface of gold. This data suggest that ligand
exchange on gold nanoparticles is not simply a SN-2 like mechanism but a combination of
SN-2 and SN-1 type mechanisms. Approximately equivalent concentrations of both
fluorescein-terminated ligands and incoming ligands were used, allowing for a hierarchy
of binding efficiency to be created by computing a “K-value” for each of the titration
experiments. Equations used for calculating the K-value can be found in earlier chapters.
Briefly, the K-value can be defined as the ratio of the concentration of free fluorescein-
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terminated and bound mono-functional ligand to the concentration of bound fluoresceinterminated ligands and free mono-functional ligands. This value indicates the dominant
ligand or mechanism in the system. For example, a high K-value (>1) would indicate that
the incoming ligand was dominant and displaced the bound fluorescein-terminated
ligand, meaning there is a higher concentration of bound incoming ligands and free
fluorescein-terminated ligand than bound fluorescein-terminated ligand. A low K-value
(<1) would represent the opposite. The fluorescein-terminated ligand would be dominant
and not removed from the surface of gold nanoparticles resulting in a high concentration
of bound fluorescein- terminated ligands and free incoming ligands. In this study all Kvalues were less than one meaning the fluorescein-terminated ligands bound to gold
nanoparticles was dominant. The strength of binding can then be compared between each
fluorescein-terminated ligand. Values closer to 1 would mean a weaker bond then values
closer to 0. The resulting K values were used to determine two hierarchies, the first being
the strength of the incoming ligand and then second being the strength of the bound
fluorescein-terminated ligand. Results for the determined hierarchy from each study can
be seen below in Table 5-1 and Table 5-2.

In chapter 2, five mono-functional ligands and one bi-functional amine were used in
the titration studies. The results showed a difference between the mono-functional amine
ligand and the bi-functional amine. Surprisingly the bi-functional ligand displaced less
fluorescein-terminated ligands. In chapter 3 further investigations into the effect of bifunctional ligands was described. As well, the effect of concentration of incoming ligands
was investigated. These experiments were performed utilizing a similar experimental
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methodology as found in chapter 2. The fluorescence intensity was monitored for a
system with gold nanoparticles capped with fluorescein-terminated ligands as bifunctional ligands were introduced to the system. The difference between the first studies
conducted in chapter 2 and the ones in chapter 3 were the use of bi-functional ligands as
well as a gross excess of incoming ligands. In chapter 2 the concentration of incoming
ligands and bound ligands were equivalent, the using a gross excess of incoming ligands
was thought to drive the detachment of fluorescein-terminated ligands from the surface of
gold resulting in full exchange of ligands. However, results proved this to not be the case.
Even with the excess of incoming ligands displacement of fluorescein-terminated ligands
did not exceed 50%, which lead to the conclusion that the exchange was not completely
driven by incoming ligand concentration. This result was consistent with published
studies, which show strong time dependence for ligand exchange[48, 51]. Studies show a
rapid exchange of ligands, within the first few minutes, resulting from the exchange of
ligands on vertex defect sites on the surface of gold nanoparticles, followed by a slower
exchange, several hours, from exchange of ligands on edge defects and terrace binding
sites of gold nanoparticles[48, 51].

K-values were computed for the first titration of bi-functional ligands into the
system. This was done because after the first titration the concentration of bi-functional
ligands in the system were very low, comparable to those from the mono-functional
titration series. Much lower K-values were seen in these studies meaning that
displacement of fluorescein-terminated ligand occurred at very low percentages. The Kvalues was not calculated for the final titrations because the amount of incoming ligands
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was approximately ten times that of the bound ligands. Computing K-values would result
in skewed data. The low K-values seen after the initial titration could be attributed to the
age of the particles. A resent study showed that as particles age they become less
reactive[57]. The particles used in the bi-functional titration series were aged for over two
weeks before being used, as where the particles used in the mono-functional studies were
only aged for a day. The differences in experimental conditions yield results that cannot
be directly compared to those calculated in the mono-functional studies. However, these
experiments produced interesting results and trends in data. Comparing the maximum
displacement of fluorescein-terminated ligands when the concentration of incoming bifunctional ligands was approximately 35 nmols created a hierarchy of binding and
competing ligands. The percent of fluorescein-terminated ligand was summed to
determine the total displacement of both the fluorescein-terminated ligands and the total
displacement caused by the incoming bi-functional ligands. The results, showed that the
fluorescein-terminated thiol was the strongest binding ligand as well it showed that the
bi-functional thiol was the best displacing ligand. The hierarchy for binding strength was
determined to be thiol, sulfate, alcohol, carboxylic acid and amine. While the hierarchy
for displacing strength was determined to be thiol, amine, alcohol, sulfate, and carboxylic
acid. The bi-functional ligands used all had an amine functional group, which is most
likely the reason for differences between this study and the one conducted in chapter 2. It
was determined in both studies that the amine functional group is a strong displacing
ligand and it can be argued that the bi-functional alcohol, sulfate, and carboxylic acid
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were dominated by their amine functionality. For that reason, only the binding strength
hierarchy will be used in comparison to other studies.

In chapter 4, the idea of using two dyes was introduced. By using two dyes in a
system both the attachment and detachment of ligands could be tracked simultaneously.
They two dyes chosen were fluorescein and rhodamine. They were chosen because they
are both in the peak absorbance spectrum of gold nanoparticles as well the absorbance
spectrum of one does not overlap the emissions spectrum of the other. As well both dyes
can be purchased with a NHS functional group, which is easy to react with amine
functional groups. The goal of this study was to introduce rhodamine-terminated ligands
into a system of gold nanoparticles capped with fluorescein-terminated ligands, observing
the fluorescence intensity at two wavelengths and monitoring the exchange of ligands.
Ligand exchange is assumed to occur as a 1:1 ratio, meaning a rhodamine-terminated
ligand could only attached to the gold nanoparticles by replacing one fluoresceinterminated ligand. Ideally, the difference between the amount of rhodamine-terminated
ligand and the amount observed via fluorescence spectroscopy would be equal to the
amount of free fluorescein-terminated ligand in the system. As well, the reverse reaction
could be monitored, for instance if a newly detached fluorescein-terminated ligand would
then displace a rhodamine-terminated ligand. However, the experiments did not yield
such results. The observed intensity of rhodamine-terminated ligands was much lower
than was expected. The cause of which is most likely photobleaching of the rhodamine
dye. It was also seen that a much higher concentration of rhodamine-terminated ligands
was need to produce the same intensity as the fluorescein-terminated ligands at low
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concentrations. It can be concluded that the rhodamine dye was not the best choice for
this study and further studies should be carried out using different dyes.

Even though the tracking of rhodamine-terminated ligands as they attached to gold
nanoparticles was not successful, the data is still useful in determining trends in binding
strength of ligands on the surface of gold nanoparticles. The binding hierarchy was
calculated similar to that in the bi-functional studies. This uses the displacement of
fluorescein-terminated ligands when the amount of rhodamine-terminated ligands in the
system was approximately 50 nmol. This study concluded a binding strength hierarchy
of carboxylic acid, thiol, amine, sulfate and alcohol. Similar results were concluded for
the incoming ligands with a hierarchy concluded to be thiol, carboxylic, amine, sulfate,
and alcohol. Below in Table 5-1, the hierarchy of bound fluorescein-terminated ligands as
determined from each study is shown.

Rank:

1

2

3

4

5

Mono-Functional
Study
Bi-Functional
Study
Two-Dye Study

SH

SO3-

COOH

NH2

OH

SH

SO3-

OH

COOH

NH2

COOH

SH

NH2

SO3-

OH

Table 5-1 Hierarchy of binding strength as determined from each study.

These results prove strong evidence that the thiol is the strongest binding ligand to
the surface of gold nanoparticles. It is well known that the thiol functional group will
covalently bond to the surface of gold nanoparticles. Thiol-functional ligands are the
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most common ligand used for functionalizing gold nanoparticles. The three studies
produce interesting results that can be compared to draw conclusion such as thiol being
the strongest binding, or that the alcohol is the weakest. However, due to the
experimental conditions the most accurate results can be concluded from the monofunctional ligand studies. The mono-functional studies were conducted with very reactive
nanoparticles, this conclusion being based on the age of the particles during the study. As
well the mono-functional series was conducted with an equivalent concentration of
incoming ligands and bound fluorescein-terminated ligands. This allowed for an accurate
calculation of the K-value. As well this was the least complex system, which allows for
comparison with less error then that which could have occurred during the bi-functional
and two-dye studies. As well the results produced are consistent with expected results. It
is known that thiol binds very strongly to gold. Were as amines have shown to bind to
gold but only as a weak covalent bond. As well, gold particles are commonly synthesized
with citrate as a capping agent. Citrate is a molecule that contains three carboxylic acid
groups, thus the binding of carboxylic acid to the surface of gold is relatively moderate.
The alcohol being the worse binding group is consistent with reports of alcohols have low
interaction with gold. Referring back to citrate, which is a molecule with three carboxylic
groups and one alcohol group it can be assumed that the binding of citrate to gold
nanoparticles is most likely do to the binding of the carboxylic groups and not the
alcohol. In regards to the sulfate it is not surprising that this ligand was determined to be
the second strongest binding ligand since it has an oxygen group which could create a
metal-Oxygen-Sulfur bond (M-O-S).
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Comparison of incoming ligands in terms of their ability to detach bound ligands,
from one experimental series to another cannot be concluded. This is because the ligands
used in the three studies were all slightly different. In the bi-functional studies it is argued
that the amine functional group played a major role in the displacement of bound ligands.
As well, in the two-dye study the incoming ligands were functionalized with a rhodamine
dye, which could be the source of discrepancies between the series. The hierarchy
ranking for incoming ligands from each experiment can be seen below in Table 5-2.

Study

1

2

3

4

5

6

MonoCOOH
functional

NH2

SH

NH2-NH2

OH

SO3-

BiNH2-SH
functional

NH2- NH2

NH2-OH

NH2-SO3-

NH2-COOH

N/A

Two-Dye

Rh-COOH Rh- NH2

Rh-SO3-

Rh-OH

N/A

Rh-SH

Table 5-2 Hierarchy of incoming ligands as determined from each study.

However, the results from the bi-functional series are consistent with expected
results. This studied showed that even with the amine functional group present the thiol
ligand most readily replaced bound ligands. As has been mentioned sulfate covalently
bonds to gold and is commonly used in ligand exchange to functionalize particles. This
was not to be expected after the results from the mono-functional study, which
determined that the amine was a better displacing ligand than the thiol. From these results
it would be expected that the diamine ligand would perform better than the thiol. The
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diamine ligand was determined to be the second best at displacing ligands. This result
leads to the argument that the amine was dominant in the other titrations performed in
this study. However, since there was a difference in the performance of the three other
ligands it can be assumed that even though the amine functional group was dominate, it
was not the only factor affecting ligand exchange. If the amine was driving the exchange
consistent values would have been seen for all ligands. The study determined the
carboxylic acid to be the weakest displacing ligand, a result that was not to be expected.
As determined in both the mono-functional and two-dye studies the carboxylic acid was a
stronger displacing ligand than the amine. It is also interesting to note that the monofunctional thiol performed better than the diamine in the mono-functional study. This is
consistent with the results from the bi-functional study. As can be seen when comparing
the results from the three studies, there are contradictions between data sets which can be
directly related to the differences between the ligands. As mentioned before a direct
comparison to determine which functional group is the strongest displacing ligand cannot
be determined by using all three data sets. For this reason, and the reasons mentioned
above in the binding hierarchy discussion, the hierarchy of ligands will be determined by
the mono-functional ligand study. It is then concluded that the hierarchy for displacing
strength of incoming ligands is carboxylic acid, amine, thiol, alcohol, and sulfate. As will
be discussed in the future work, studies using more complex systems will be performed.
Further studies of more complex systems might conclude with results similar to those
found in the more complex bi-functional and two-dye systems performed in this study.
As discussed in the introduction, ligand exchange on the surface of gold is dependent on
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many variables. Further studies will aid in understanding more complex ligands and their
effect on ligand exchange.
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Chapter 6 Future Work
This thesis has scratched the surface of research to be done with ligand exchange on
nanoparticles. This work has investigated the effects of concentration of incoming ligands
on the exchange that takes place. Further studies should be conducted on the time
dependence of this process. These studies would focus on the effect of concentration over
time. It has been reported that some exchange reactions take as long as 24-48 hours to
complete. Most of these studies were conducted with a gross excess of incoming ligands.
The suggested studies would vary the amount of ligands available to obtain an idea of the
role that concentration plays on the exchange. As well this would allow for observation
of the reverse reaction. In studies conducted using a gross excess of incoming ligands the
reverse reaction was not observed. Allowing the reaction to take place with a 1:1 ratio of
bound ligands and incoming ligands and allowing it react for an extended period of time
would allow for the observation of complete equilibrium. This would allow for a more
accurate comparison of competitive binding between two ligands. This study would be
particularly interesting using two-dyes. This would allow for direct observation of
attaching or detaching of ligands over an extended period of time.

The gold nanoparticles used in this study were considered to be “bare” particles
meaning that no further modifications had been done after synthesis. However, these
particles still had citrate on the surface acting as a stabilizing agent during the synthesis.
It was stated that since citrate is a weak binding ligand it was assumed that there was no
effect from citrate on the ligand exchange reactions. It is suggested that a study be
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conducted on the role citrate plays during the ligand exchange studies. This can be done
by using radio-labeled citrate, to detect and monitor its presence in a system. Another
idea would be to include the presence of citrate into the modeling. This could be done by
attempt to obtain a concentration of citrate on the surface of gold nanoparticles through
the use of TGA. This would be particularly useful with two-dyes, any discrepancies
between the amount of dye ligands bound to the surface of gold nanoparticles could then
be determined to be citrate. Another study could be conducted using nanoparticles that
were synthesized with fluorescein-terminated ligands. This could be done by direct
synthesis or by attempting a two-phase ligands exchange. This would remove any
possibilities of citrate in the system, as long as the particles produced were still stable and
small enough to display the optical properties desired. This may be difficult to obtain
nanoparticles of narrow size distributions however, that could be accounted for.

Most importantly, further studies will be conducted using different dye systems. The
use of Texas-Red as a second dye, is currently being explored. These studies should be
carried out with bound and incoming ligands concentrations that are relatively equal. To
do this a dye that can be detected at low concentrations will be essential. Recall that the
rhodamine-dye required a much higher concentration to produce the same fluorescence
intensity as the fluorescein-dye. This was one of the reasons why such an excess of
rhodamine-dye was used. The choice of dye should also be dependent upon the solvent
being used. For these studies the reaction were done in aqueous solutions, fluorescence
dyes being used should be stable in water and produce distinct emissions in this medium.
The use of a two-dye system would benefit the study of ligand exchange greatly.
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As well, following this study and the use of two-dyes to track ligand exchange, more
complex ligands will be investigated. The present study investigated very simple
functionalize ligands to obtain a basic understanding of how these functional groups will
bind. The data obtain here will help in understanding how more complex systems will
likely bind to the surface of gold. However, further studies will be conducted using more
complex systems such as multi-valent ligands, similar to the work performed by Graf et.
al.[51]. Other ligands that will be investigated will be proteins. This will provide insight
into how ligands will behave if placed into a biological system such as the human body.
Gold nanoparticles are gaining much interesting in the field of biomedicine,
understanding how ligands will react in such conditions is vital to understanding how the
nanoparticles will behave. As well studies will be conducted using natural occurring
matter (NOM). This will be an environmental study conducted to obtain knowledge of
how nanoparticles will behave if introduced into the environment.

As is commonly said, good science sparks more questions than answers. As
discussed above, this project has formulated many new ideas and experiments that can be
conducted to further understand the exchange and binding of ligands on the surface of
gold.
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